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Abstract 
A Multi-Axial Tension Test for Geotextiles 
Theresa Louise Andrejack 
Joseph Wartman, Ph.D. 
 
 
The use of geotextiles as reinforcement is well-established in geotechnical applications.  
However, some uses of these materials occur in geotechnical systems where the in situ loading 
and boundary conditions on the geosynthetic vary greatly from laboratory testing conditions that 
are used to characterize their constitutive behavior.  In this work, the development of a new large-
diameter experimental device capable of applying multi-axial, out-of-plane loading to relatively 
large geosynthetic specimens (48 cm diameter) is presented.  Although similar in concept to the 
types of apparatuses typically used for the established Multi-Axial Tension Test for Geosynthetics, 
this newly developed device is unique in that load is directly applied to the circular specimen 
using a rubber membrane, thus allowing testing of pervious materials such as geotextiles.  A key 
advantage of the device is that it mimics the in-service loading conditions of geosynthetics used 
in a range of design applications including the spanning of subsurface voids and geosynthetic-
reinforced pile-supported embankments.  
Constant strain rate, multi-axial tension tests were completed on a range of seven 
geotextiles that varied in mass per unit area, resin type, anisotropy, fiber type, fiber density, and 
weave.  Two methods for interpreting the results from the multi-axial test, the constant-thickness 
and constant volume methods, are derived and compared.  Uniaxial and fiber tension tests were 
also performed to provide a better understanding of the multi-axial test results.  Three 
dimensional models, constructed using photogrammetry, were created to evaluate the 
assumptions that are used in the interpretation of the multi-axial test results and to provide insight 
into the micro-level behavior of geotextiles in multi-axial tension.   
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The constant strain rate, multi-axial test results indicate that there is a significant 
deviation in the response of geotextiles in multi-axial tension compared to their response in 
uniaxial tension.  Although ultimate strength values were found to be comparable, the ratio of 
secant modulus values from the multi-axial test over the uniaxial tension test at 2%, 5%, and 10% 
strain are consistently on the order of 0.6 – 0.9.  The implications of using uniaxial test 
parameters in analytical and numerical models where multi-axial stress is present is discussed. 
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CHAPTER 1. INTRODUCTION 
 
1.1  PROBLEM SIGNIFICANCE 
 
1.1.1  APPLICATIONS 
 
The use of geotextiles as reinforcement is well-established in geotechnical applications 
such as geotextile reinforced walls and embankments and geotextile reinforced foundation soils.  
The inclusion of geosynthetics in these applications often leads to economical and performance 
advantages over more traditional geotechnical systems that accomplish the same functions.  The 
common design methods used for these geosynthetic systems are limit-equilibrium (plane strain) 
based, and thus, these problems are often represented in two-dimensions only.  Typically, the 
geotextile is represented as a one-dimensional reinforcing element (i.e., it can only sustain tensile, 
not compressive, forces).  Because of the manufacturing process and inherent composite nature of 
geotextiles, this type of design approach is complemented by the one-dimensional mechanical 
tests that are routinely completed to characterize the constitutive behavior of geotextiles. 
However, the maturation and acceptance of geotextiles by engineers and regulatory 
agencies has expanded the limits of their use into more complicated geotechnical systems.  In 
particular, there are many cases where three-dimensional loading and boundary conditions must 
be considered.  In these cases, engineers are limited in their knowledge of the response of the 
geotextile under these conditions.  Examples of applications where these conditions exist include: 
geosynthetics spanning subsurface voids (Fig. 1.1), geosynthetic-reinforced pile-supported 
embankments (Fig. 1.2), membrane-fabric structures, and geotextile bags for desedimentation 
(Fig. 1.3).  Maintaining the integrity of the geotextile and predicting the response of the geotextile 
is critical to the successful implementation of geotextiles in these systems. 
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Fig. 1.1 – Schematic diagram of a geosynthetic spanning a subsurface void 
 
 
Fig. 1.2 – Unit cell of a geosynthetic-reinforced pile-supported embankment system 
 
 
Fig. 1.3 – Desedimentation bag 
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 In these applications, the loading and boundary conditions are more similar to a multi-
axial tension test rather than a uniaxial tension test and thus, the multi-axial test should be used to 
evaluate the constitutive response of these materials.  Given the lack of published data on 
geotextiles in a multi-axial tension test, a more detailed analysis of geotextiles subjected to multi-
axial tension is justified. 
 
1.1.2 TENSILE TESTS FOR OBTAINING MECHANICAL PROPERTIES 
 
The mechanical properties of geotextiles utilized in geotechnical systems should be 
evaluated using testing conditions that accurately represent field conditions; this includes 
mimicking the similar loading and boundary conditions that the geotextile will experience in the 
field. The state-of-practice to determine the mechanical properties of geotextiles is the wide strip 
tensile test, ASTM D 4595-05 (Standard Test Method for Tensile properties of Geotextile by the 
Wide-Width Strip Method).  This test method does not provide lateral restraint of the transverse 
fibers during testing (Fig. 1.4).    
 
Fig. 1.4 – Photograph of a uniaxial tension test on a geotextile 
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The multi-axial (axisymmetric) tension test (ASTM D 5617-04 Standard Test Method for 
Multi-Axial Tension Test for Geosynthetics) utilizes a circular-shaped specimen and thus, 
provides lateral restraint of the material (the transverse fibers in the case of a geotextile) during 
testing.  As a uniform pressure is applied to one side of the specimen, the stress-strain response of 
the geosynthetic can be deduced from the deflection of the centerpoint of the specimen and the 
internal pressure at any point during the test.  To test a geotextile in multi-axial tension, an 
impermeable material must be used in tandem with the geotextile in order to pressurize the 
specimen.  The multi-axial test has been used extensively to evaluate the multi-axial properties of 
geomembranes, which also experience out of plane loading in certain applications (e.g., Koerner 
et al., 1990; Hoekstra, 1991; Nobert, 1993; Duvall; 1993, Merry et al., 1995).  Although ASTM D 
5617-04 does mention that geosynthetics other than geomembranes may be tested using this 
method, there is no mention of correction procedures for the interpretation of test data.  Fig. 1.5 
shows the general configuration for a woven geotextile in multi-axial tension test.  
 
Fig. 1.5 – A woven geotextile during a multi-axial tension test 
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1.2  SCOPE OF RESEARCH 
 
1.2.1  MATERIALS 
 
The majority of reinforcing geotextiles are woven (as opposed to nonwoven) from either 
polypropylene (PP) or polyester (PET) fibers or yarns.  For this reason, a range of woven 
geotextiles were chosen so that the effects of resin type (PP or PET), weave, and mass per unit 
area could be established.  The geotextiles chosen are composed of either monofilaments, 
multifilament yarns, slit film monofilaments, or fibrillated fibers.   
 
1.2.2  EQUIPMENT/ TESTING APPARATUS 
 
A unique, state-of-the-art testing device was developed in order to test geotextiles in 
multi-axial tension.  Although similar in concept to the device specified in ASTM D 5617-04, 
there are several notable differences and these are expounded upon in Chapter 2.  Notable 
features of the device include: a fully automated control and data acquisition system, the 
implementation of non-contact displacement transducers, and a modified clamping system.  Also, 
by allowing an unhindered view of specimen throughout the test, photogrammetry was used to 
analyze the three-dimensional shape of specimen as well as the strain distribution at various 
points during a multi-axial test. 
The results from the multi-axial tests on geotextiles are compared to uniaxial tests on 
geotextiles as well as uniaxial tests on single fiber specimens.  These were completed on standard 
load frames for constant rate of extension tests.  The gripping for the uniaxial tension tests on 
geotextiles utilized clamps that adjust gripping pressure with increasing 
tensile load and have soft rubber padding on the surface of the clamps.  The clamping for the 
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fiber tests utilized standard 1-in wide grips that were lightly textured.  Masking tape was placed 
on the section of fiber that was to be gripped to minimize stress concentrations. 
 
 
1.2.3  TEST INTERPRETATION 
 
The assumptions that are required to interpret the multi-axial test for geomembranes are 
presented in Chapter 2.  The background on the interpretation for the uniaxial and fiber tests can 
also be found in this chapter.  The adaptation of the various equations for geotextiles is presented 
in Chapter 3, and this includes details regarding the procedure used to account for the presence of 
the bladder.  Several new parameters, the directional and equivalent thicknesses, are defined in 
this chapter. 
 
1.2.4 TESTING PROGRAM 
 
Polymers are visco-elasticplastic materials, thus the response of geotextiles is both rate 
and temperature dependent.  Previous researchers (i.e., Merry and Bray, 1995) have noted the 
importance of utilizing constant rate of strain testing for polymeric materials, and this approach 
was also followed for this research.  The strain rates that were used varied from 0.1% to 100% per 
minute for the multi-axial tests; strain rates of 1% and 10% per minute were used for the uniaxial 
and fiber tests.  All seven geotextiles considered (GT-1 through GT-7) were tested in multi-axial 
and uniaxial tension; GT-1, GT-3, and GT-6 were utilized in the fiber testing portion of this 
study. 
The comparison between the constitutive response of the geotextiles in the multi-axial 
and uniaxial test can be found in Chapter 4.  Chapter 5 focuses on the micro-mechanical response 
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of the geotextile during multi-axial tension test, and the analysis of the fiber testing is included in 
this chapter.  The implication of the results of the comparisons between these different tests are 
also included in their respective chapters. 
 
1.3  SUMMARY 
 
This research presents the response of geotextiles in the multi-axial tension test.  This 
data is compared to the uniaxial response of the geotextiles.  The individual response of the fibers 
that compose some of the geotextiles under consideration was also investigated.  This research 
has also led to suggestions regarding the use of modulus values or strength values in the design of 
systems where the woven geotextile may be experiencing multi-axial tension. 
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CHAPTER 2. LITERATURE REVIEW 
 
2.1  BACKGROUND ON UNIAXIAL TENSION TEST 
 
One of the most important physical properties of geotextiles is its tensile strength.  Reinforcement 
is often either the primary or secondary function in many geotextile applications.  The strength of 
geomembranes is also an important parameter in many design applications (Koerner, 2005).     
There have been several test methods that have been developed to evaluate the tensile 
behavior of geomembranes and geotextiles.  It is important to note the difference between index 
tests and performance tests.  Index tests are those that are used for quality assurance and quality 
control of the manufactured geosynthetics whereas performance tests are meant to simulate the 
loading and boundary conditions that the materials experience in the field and generate values 
that can be utilized in design (Koerner, 2005).   
 
2.1.1  UNIAXIAL TENSION TEST FOR GEOMEMBRANES 
 
For geomembranes, the common index tests (e.g., ASTM D 6693, D 882, and D 751) 
allow contraction in the central region of the dumbbell, strip, and grab specimens.  The 
performance test for geomembranes, ASTM D 4885, utilizes a specimen two times as wide as it is 
long (200 mm by 100 mm) [Koerner, 2005].  ASTM D 4885-01 is commonly known as the wide-
width, wide strip, or uniaxial tension test.  Although previously thought that this test simulates 
plane-strain conditions (Koerner, 2005), Merry and Bray (1996) prove that this test responds as 
an unrestricted prismatic bar.  That is, the boundary conditions vary from plane strain at the 
clamps to uniaxial (laterally unrestrained) in the middle of the specimen; however, the 
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constitutive response of the geomembrane is governed by the nearly uniaxial response away from 
the clamps. 
The volumetric behavior of polymeric geomembranes was found to be more similar to a 
constant volume response rather than a constant thickness or width response (Merry and Bray, 
1996).  ASTM D 4885-01states that strength and modulus values should be reported in units of 
force per unit width.  Merry and Bray (1996) suggest that the data from this test should be 
presented in terms of stress units [force per unit area], and based upon the deformed geometry of 
the specimen rather than the original area.  This derivation assumes that the specimen is perfectly 
clamped, and thus, strains may only develop in the unclamped area of the specimen. 
Engineering strain in a uniaxial test is defined in Eq. (2.1), where εa is the engineering 
strain, ΔL, is the change in length of the specimen, Lo is the original length of the specimen, and 
Lf is the length of the specimen at a point during the test. 
ߝܽ ൌ
οܮ
ܮ݋
ൌ
ܮ݂ െ ܮ݋
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 (2.1) 
This definition is most appropriate at small (infinitesimal) strains.  True strain, εna, is valid at 
larger strains, where the strain is evaluated on an incremental basis.  True strain is defined as: 
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In axial extension, the geomembrane will decrease in thickness due to the Poisson’s ratio effect.  
The thickness, t, of a geomembrane at any strain is given by: 
ݐ ൌ ݐ݋ሺͳ െ ߥߝܽሻ (2.3) 
Where to is the original thickness and ν is the engineering Poisson’s ratio.  Similarly, the width of 
the geomembrane specimen at any strain, W, is given by: 
ܹ ൌ ݋ܹሺͳ െ ߥߝܽሻ (2.4) 
Where Wo is the original width of the specimen. 
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The engineering Poisson’s ratio is defined as the ratio of transverse engineering strain, εt, 
to axial engineering strain, εa [defined in Eq. (2.1)].  The volume of the specimen during a test, Vf, 
can be expressed in terms of the original volume [Vo], the axial engineering strain, and the 
Poisson’s ratio: 
ܸ݂ ൌ ݋ܸሺͳ ൅ ߝܽሻሺͳ െ ߥߝܽሻʹ (2.5) 
Polymeric geomembranes have been found to be nearly incompressible (e.g., Duvall 1993; 
Soderman and Giroud, 1995).  Therefore, to derive an expression for the engineering Poisson’s 
ratio of a material, Vf was set equal to Vo in Eq. (2.5), and the expression was rearranged to solve 
for ν.  
ߥ ൌ
ඥͳ ൅ ߝܽ െ ͳ
ߝܽඥͳ ൅ ߝܽ
 (2.6) 
Merry and Bray (1996) verified that Eq. (2.6) is valid by comparing the calculated value for ν 
with the experimental values of ν found from photographic measurements in a uniaxial test for 
both HDPE and PVC geomembranes (see Fig. 2.1). 
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Fig. 2.1 – Theoretical and measured values of the engineering Poisson’s ratio versus the measured 
axial engineering strain of the geomembrane: (a) 1.5 mm HDPE specimen; (b) 0.75 mm PVC 
specimen (Merry and Bray, 1996) 
The natural Poisson’s ratio, νn, is the ratio of the transverse and axial natural strains, εnt and εna: 
ݒ݊ ൌ െ
ߝ݊ݐ
ߝ݊ܽ
 (2.7) 
This parameter is constant for isotropic, homogeneous materials and has a value of 0.5 for 
incompressible materials. 
 In order to determine the average stress in a geomembrane during a uniaxial test, it is 
necessary to assume that the middle of the test specimen deforms as a laterally-unrestrained 
prismatic bar.  Therefore, the average uniaxial stress, σ, will be equal to: 
ߪ ൌ
ܨ
ܣ
ൌ
ܨ
ܹݐ
ൌ
ܨ
݋ܹݐ݋ሺͳ െ ߥߝܽሻʹ
 (2.8) 
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where F is the measured tensile force at any strain, and A is the area of the specimen.  This stress 
is assumed to be uniform through the middle portion of the specimen (Merry and Bray, 1996).  
Equation (2.6) can be substituted into Eq. (2.8) to yield Eq. (2.9): 
ߪ ൌ
ܨ
݋ܹݐ݋
ሺͳ ൅ ߝܽሻ (2.9) 
 
 
2.1.2  UNIAXIAL TENSION TEST FOR GEOTEXTILES 
 
There are several common index testing methods available for geotextiles (e.g., ASTM D 
1682, ASTM D 4632, and ASTM D 751).  The primary performance test for geotextiles, ASTM 
D 4595-05, utilizes a wide-width specimen, 200 mm wide by 100 mm in length because of the 
concern regarding the Poisson’s ratio effect under increasing stress.  Stress is usually given as 
force per unit width, which is not an actual stress unit.  To obtain an actual stress unit, the data 
would have to be divided by the thickness of the geotextile, which is not constant and can vary 
with applied stress or loading conditions (Koerner, 2005). 
Typically, wide-width tests are completed at a constant rate of extension.  Both load and 
deformation are measured during extension in order to generate a stress-versus-strain curve.  
There are generally four values obtained from this test: 1) the maximum tensile stress (often 
referred to as the strength of the geotextile), 2) the engineering strain at failure, 3) the toughness 
of the geotextile (the area under the stress-strain curve, and 4) the modulus of elasticity (the slope 
of the initial portion of the stress-strain curve).  The stress for uniaxial tension tests on geotextiles 
is typically in units of force per unit length and is calculated according to Eq. (2.10): 
ߪ ൌ
ܨ
݋ܹ
 (2.10) 
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In this equation, only the original width, Wo, of the geotextile is considered; the thickness and 
change in width and thickness dimensions are not taken into account in this interpretation. 
Clamping becomes an operational issue for wide-width testing of geotextiles as the 
strength of the geotextile increases.  Either stress concentrations or specimen damage will cause 
premature failure in the case of strong geotextiles tested using the incorrect type of grips.  
Standard clamping jaws are useful for geotextiles with strengths less than 50 kN/m.  These jaws 
may be modified to test geotextiles with strengths up to 90 kN/m by wrapping the geotextile 
around a bar inserted behind the jaw and back into the clamp before tightening.  Certain types of 
split-barrel or wedge grips have also been attempted to combat this issue; however, these issues 
have been circumvented by the use of roller grips.  Roller grips allow the geotextile to tighten 
around itself, and produce a failure within the test specimen rather than at the grips.  There are 
downsides to using these types of grips, including requiring a much larger specimen, requiring the 
use of extensometers because strain can no longer be calculated using crosshead movement, and 
difficulty of setup and use (Koerner, 2005). 
Andrawes (1984) notes the difference in the uniaxial response of woven and non-woven 
geotextiles.  Because of the random structure of nonwoven geotextiles, the rearrangement and 
breakdown of the structure of the geotextile as well as the polymer response contributes to the 
stress-strain response.  However, a woven geotextile, which is comparatively ordered in its 
structure, has a uniaxial stress-strain response that is primarily due to the deformation of the 
polymer itself. 
 
 
 
 
 
14 
2.2  BACKGROUND ON MULTI-AXIAL TENSION TEST 
 
2.2.1  MEMBRANE THEORY AND ASSUMPTIONS 
 
The theoretical basis for the derivation of stress during a multi-axial test on 
geomembranes is based in membrane theory and the deformation of thin-walled pressure vessels.  
The primary issue is the deformed shape of the membrane when subjected to a uniform internal 
pressure.  Early research into this topic was conducted by Treloar (1944).  This experimental 
study involved subjecting a thin latex membrane to uniform, axisymmetric tension and evaluating 
the deformed shape.  The resulting shape of the membrane during the experiment was observed to 
be nearly spherical, especially at centerpoint deformations that are less than half of the specimen 
diameter (δ <  L/2).  This discussion will be limited to deformations that are less than half of the 
specimen diameter due to the typical values of ultimate and working strains for geotextiles.  
Rivlin and Saunders (1951) also experimentally verified the deformed shape of a rubber 
membrane.  Adkins and Rivlin (1952) presented a theoretical basis for the spherical membrane 
shape at lower strains (δ <  L/2), and compared the analytical prediction with the experimental 
results from the two previously mentioned studies.  The end result from these studies was to 
conclude that an isotropic, incompressible material will deform as a portion of a sphere when 
subjected to a uniform load. 
 The magnitude of the in-plane stress in a specimen during a multi-axial test is based on 
the solution for in-plane stress in a spherical pressure vessel.  Higdon et al. (1976) defined a thin-
walled pressure vessel to be one in which the diameter to vessel wall thickness (L/t) is greater 
than 20.  As this ratio increases, it is valid to assume that the normal stress on a perpendicular 
plane is distributed almost uniformly throughout the thickness.  In the case of L/t > 20, the 
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maximum normal stress will be less than 5 percent greater than the average normal stress.   Gere 
and Timoshenko (1989) use statics to derive the in-plane membrane stress to be: 
ߪ ൌ
݌ܴ
ʹݐ
 (2.11) 
where p = internal pressure in the vessel; R = radius of the pressure vessel (L/2); and t = original 
material thickness. 
 
2.2.2  TESTING DEVICE PROGRESSION 
  
There have been several different test setups for the multi-axial test on membranes.  Early 
research on isotropic, incompressible materials (Treloar, 1944) clamped the material onto a 
conical glass tube with a slightly protruding rim.  Rivlin and Saunders (1951) clamped the 
material between two flattened, circular brass fittings.  One of the fittings was attached to a tube 
which provided compressed air to deform the specimen.  Raumann (1979) utilized a rectangular 
specimen pressurized with water.  Steffen (1984) completed the first multi-axial on 
geomembranes in-isolation using a pressurized circular drum and specimen.  Further refinement 
to this test setup occurred [e.g., Koerner, 1990; Hoekstra, 1991] and resulted in GRI GM 4 and its 
successor, ASTM D 5617-04.  Most recently, Merry et al. (1993) have recommended that the test 
device should not restrict deformation of the specimen at centerline deflections greater than the 
clamping radius (δ > L/2).   
 
2.2.3  EQUATIONS FOR INTERPRETING MULTI-AXIAL TENSION TEST 
 
 The multi-axial test for geosynthetics (ASTM D 5617) was developed in response to 
concerns that a typical uniaxial tension test does not accurately represent the state of stress in a 
landfill liner subjected to subsidence.  The field boundary and loading conditions are better 
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simulated by the multi-axial tension test, rather than the uniaxial tension test that had been almost 
exclusively used to determine parameters used in design.  As the testing equipment and protocol 
for the multi-axial test developed, there were several modifications to the equations used to 
interpret the results.  Many of the modifications to the testing equipment and equations were in 
response to the condition during a multi-axial test where the centerpoint deformation is greater 
than the clamping ring radius (δ  >  L/2).  Geotextiles under multi-axial tension typically rupture 
at low to moderate strain levels (approximately 8 to 25%) where the centerpoint deflection of the 
specimen (δ) is equal to or less than the inner clamping radius (L/2).  Thus, stress and strain 
equations are presented for this condition only (i.e.,δ < L/2), though it is noted that equations 
appropriate for larger strain levels have also been developed (Koerner, 1990; Giroud et al., 1990; 
Duvall, 1993; Giroud, 1995; Merry et al., 1993).  The relevant geometric variables for the 
derivation of geomembrane stresses and strain are shown in Fig. 2.2: 
 
 
Fig. 2.2 – Specimen geometry and variables used in stress and strain calculations 
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2.2.3.1  STRAIN INTERPRETATION 
 
In order to derive membrane stresses and strains in a multi-axial test, it is useful to relate 
the radius of the deformed spherical specimen (R) to the centerpoint deflection of the specimen 
(δ) and the clamping ring diameter (L).  This is done using the Pythagorean theorem: 
ܴʹ ൌ ൬
ܮ
ʹ
൰
ʹ
൅ ሺܴ െ ߜሻʹ (2.12) 
This equation can be simplified to:
 
ܴ ൌ
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 (2.13) 
Giroud et al. (1990) defines a dimensionless factor, Ω, that is a unique relationship between the 
deflection and the clamping ring diameter for the case of a circular void.  Eq. (2.14) is actually 
the ratio of the radius of the sphere divided by the clamping ring diameter: 
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 (2.14) 
The central angle of the sphere, θ, can be inferred from the geometric relationship for a tangent 
angle: 
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Substituting the expression for R from Eq. (2.13) into Eq. (2.15), and simplifying yields: 
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(2.16) 
Strain (ε) is commonly defined for geosynthetics as a change in length (ΔL) divided by the 
original length (Lo), and can also be defined by the deformed length (Lf) and the original length.  
This has already been given in Eq. (2.1).   
ߝܽ ൌ
οܮ
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ൌ
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ܮ݋
 (2.1) 
18 
In a multi-axial test, strain refers to the longitudinal strain in a specimen (e.g., Bray and Merry, 
1999). Because the specimen takes the form of a portion of a sphere during testing, any bisector 
through the centerpoint of the specimen during testing indicates that in cross-sectional view the 
material will form a portion of a circle.  Therefore, the deformed specimen has a cross section 
bisector length of Rθ.  The diameter of the specimen, L, is specified as the original length, Lo, and 
the change in length is difference between the bisector of the deformed specimen and the 
diameter of the specimen.  The expression for strain in a multi-axial test is defined by Eq. (2.17) 
[Koerner et al., 1990]: 
ߝ ൌ ൤
ܴߠ െ ܮ
ܮ
൨ (2.17) 
A more applied version of Eq. (2.17) can be derived by defining R and θ in terms of δ [Eqs. 
(2.13) and (2.16)], yielding a definition of strain based on direct measurement of the deflection of 
the specimen, δ, and is valid for (δ  >  L/2) [Koerner et al., 1990]: 
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ܽݎܿݐܽ݊ ቀ Ͷܮߜܮʹ െ Ͷߜʹቁ ൬
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An identical equation is presented in Giroud et al. (1990) and Giroud (1995) although the use of 
the dimensionless factor Ω and trigonometric identities hinders a cursory comparison of the two 
equations. 
 
2.2.3.2  STRESS INTERPRETATION 
 
As mentioned previously, the average stress equation for a multi-axial test is based upon 
the in-plane stress of a spherical pressure vessel (Merry et al., 1993).  In-plane stress of a 
spherical pressure vessel is given by Eq. (2.11): 
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 (2.11) 
where p is the pressure in the vessel, R is the radius of the vessel, and t is the thickness of the 
vessel at any given R.  By substituting the geometric relationship for R given in Eq. (2.13), the 
equation below [Eq. (2.19)] defines average stress during a multi-axial test written using variables 
that are more appropriate as the radius of the deformed spherical specimen changes (Duvall, 
1993; Giroud et al., 1990).  
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 (2.19) 
 However, during the course of a multi-axial test, the thickness of the deformed material 
changes (Merry et al., 1993).  This assumption contrasts with the constant thickness assumption 
made by several researchers in earlier membrane stress derivations (e.g., Koerner et al., 1990; 
Giroud et al., 1990; Frobel and Taylor, 1991; Duvall, 1993).   Merry et al. (1993) presents 
equations for membrane stress based on the constant-volume assumption that is more valid 
polymeric materials than a constant-thickness assumption.  Thus, the original surface area (So) 
multiplied by the original thickness (to) is equal to the surface area multiplied by the thickness at 
any centerpoint deflection:    
ݐ݋ܵ݋ ൌ ݐܵ (2.20) 
After simplification, t can be related to to based on a ratio of their surface areas:   
ݐ ൌ ݐ݋ ൬
ܵ݋
ܵ
൰ (2.21) 
The geometric definition for the area of a circle for So and for the surface area of a portion of a 
sphere for S can be substituted into Eq. (2.21) to derive Eq. (2.22).  This equation defines 
thickness at any point as a function of centerpoint deflection since both L and to are constants. 
ݐ ൌ ݐ݋ ቆ
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ቇ (2.22) 
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Then, substituting Eq. (2.22) into Eq. (2.19) yields the expression for in-plane stress given in Eq. 
(2.23).  This expression gives average true in-plane stress in terms of deflection of the centerpoint 
of the specimen, internal pressure, original thickness of the material, and the diameter of the 
clamping ring [Merry et al., 1993]. 
ߪ ൌ
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 (2.23) 
Giroud et al. (1990) presents a method of calculating stress during a multi-axial whereby the 
thickness of the deflected material is not considered.  Merry (1995) considered this to be a 
constant thickness assumption.  Giroud et al. (1990) provided a solution for the average value of 
stress (α) if the geosynthetic has similar tensile characteristics in both directions: 
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 (2.24) 
The resulting stress in this equation has units of force per unit width, and it is important to note 
that no value for thickness is needed to utilize this equation. 
 
2.2.4  SIZE EFFECTS 
 
 The current ASTM method for multi-axial testing (ASTM D 5617-04) suggests using a 
vessel with a diameter from 450 – 600 mm.  The basis for this size is largely historical.  The 
intent was to limit the negative effects of the boundary conditions.  However, membrane theory 
proposes that the average normal stress in a material subjected to multi-axial stress will vary by 
less than 5% if the ratio of the clamping ring diameter to the material thickness is greater than 20 
(L/t > 20) [Higdon et al., 1976].   The effects of varying the diameter of the clamping ring in a 
multi-axial test were found to be negligible for geomembranes provided stress-strain-time 
compatibility is maintained (Merry and Bray, 1995).  Merry and Bray (1995) propose a minimum 
clamping ring diameter to material thickness ratio of 60. 
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2.3  COMPARISON ON UNIAXIAL AND MULTI-AXIAL RESULTS FROM 
GEOMEMBRANE TESTS 
 
 Most of the common performance tests that exist for geosynthetics (e.g., ASTM D 4595-
05, ASTM D 4885-01) are considered to be uniaxial tests.  Therefore, the stiffness (modulus) and 
strength values obtained from these tests are representative of the response of the geosynthetic 
under uniaxial loading.  Several researchers have recognized that these values may be different if 
the geosynthetic is subjected to biaxial or multi-axial stress (e.g., Bray and Merry, 1999; 
Soderman and Giroud, 1995; Giroud, 1992); these stress states exist readily in field applications.  
The wide-width uniaxial test imposes a state of stress that varies from a plane-strain, biaxial stress 
state at the clamps to a uniaxial stress state near the middle of the specimen.  The multi-axial test 
imposes different boundary conditions:  there is a plane-strain, biaxial state of stress at the 
clamping ring that varies to a nearly isotropic, biaxial stress state at the center of the specimen 
(Bray and Merry, 1999). 
 Giroud (1992) and Soderman and Giroud (1995) present theoretical relationships between 
biaxial and uniaxial tensile characteristics.  In order to derive these relationships, several 
simplifying assumptions have to be made: 1) the geosynthetic is an isotropic, linear elastic 
material, and 2) the material yields at a given distortion strain energy according to the Mises yield 
criterion and regardless of the state of stress.   
 Bray and Merry (1999) examined the relationship between wide-width uniaxial tests and 
multi-axial tests on geomembranes and elastic latex.  The secant modulus at 1% strain from 
uniaxial and multi-axial tension tests was compared by setting a ratio equal to the modulus in the 
multi-axial test divided by the modulus in the uniaxial test.  This ratio was found to be 1.2, 1.4, 
and 1.9 for the elastic latex, PVC geomembrane, and HDPE geomembrane, respectively.   These 
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researchers found that the strength values found from the two types of tests were very similar; 
however, the uniaxial test overestimated the ductility of the HDPE geomembrane. 
 
2.4  DESIGN APPLICATIONS 
 
2.4.1  GEOSYNTHETIC SUPPORTED BASAL REINFORCEMENT OVER 
DEEP FOUNDATIONS 
 
 Broms (1977) proposed the idea of using geosynthetics over deep foundations in order to 
prevent global stability failures in embankment systems.  This idea evolved into basal 
reinforcement for embankment support over deep foundations (Koerner and Wong, 2008).  These 
systems can be employed when there are unsuitable in situ soils: the geosynthetic load transfer 
platform (LTP) transfers the load from the embankment structure to the deep foundations.  The 
LTP can be comprised of high-strength geotextiles or geogrids.  These systems have been 
investigated by many researchers (e.g., Reid and Buchanan, 1984; Hewlett and Randoph, 1988; 
Jenner et al., 1998; Collin et al., 2005), and the first formalized design method was the British 
Standard Code of Practice (BS8006, 1995).   
 BS8006 is based on a two-dimensional, limit equilibrium design method whereby the 
LTP is deflected in the shape of a catenary, and this is probably the most often used design 
method (Koerner and Wong, 2008).  Factors utilized in this method are: the diameter of the piles, 
the height of the embankment, the surcharge load on top of the embankment, and the spacing 
between the piles.  The required tension in the geosynthetic reinforcement is determined by the 
allowable strain in the geosynthetic.  This units for the required tension are in force per unit 
length.  This method utilizes soil arching theory to determine the amount of the overburden load 
carried by both the columns and the geosynthetic reinforcement.  Two other design methods have 
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been proposed that utilize a catenary-shaped deflected geosynthetic.  These methods generally 
yield lower required strengths than the British Standard (Koerner and Wong, 2008). 
 The Collin method utilizes beam theory and requires at least three layers of reinforcement 
to form the load transfer platform (Collin et al., 2005).  There is arching that develops in the LTP 
and is a function of the strength and confining behavior of the geosynthetic material.  Koerner 
and Wong (2008) completed a survey of the current methods of design and found that the 
required tension in the geosynthetic reinforcement varied greatly by method.  For single-layer 
systems and for the bottom layers of a multi-layer system, there is a concern that there will be 
stress concentrations at the edges of the columns; the maximum stress in the geosynthetic is 
affected by the stiffness of the column material.  Thus, a system that uses deep foundation 
without sharp and hard edge stresses is advantageous to limiting the required tensile strength of 
the geosynthetic material. 
 There have been several attempts to apply a finite element or finite difference approach to 
these systems (Han and Gabr, 2002).  Given the range of differences in the required tension in the 
geosynthetic found using the limit equilibrium methods, numerical modeling may provide a better 
method of estimating the required geosynthetic stress. 
 
2.4.2  GEOSYNTHETICS SPANNING SUBSURFACE VOIDS 
 
The multi-axial test was developed in part because of concerns regarding voids forming 
beneath landfill liners, and thus, the potential leakage of contaminants if the liner system was 
compromised.  This problem has been extended to consider voids that could potentially open 
beneath embankments or foundations due to sinkholes that form naturally in the geologic deposit 
or those that are anthropogenic (such as mining voids).  The analyses of these geosynthetic 
systems overlying voids are either limit equilibrium or continuum methods.   
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Giroud et al. (1988) presents a method of analysis that treats the response of the system 
as the combination of the geosynthetic response and the response of the overlying soil.  Classical 
soil arching theory is utilized to determine the pressure that is applied to the geosynthetic.  The 
geosynthetic is considered to be a tensioned membrane for the plane strain case (i.e., an infinitely 
long void) or the axisymmetric case (i.e., a circular void) that resists this out-of-plane loading.  
This represents an uncoupled two-step approach and assumes that the soil deformation is 
compatible with the geosynthetic strain.  Giroud et al. (1988) provides a caveat that strains in the 
case of a circular void are not uniformly distributed.  Thus, only the average tension in the 
geosynthetic is determined based on the global strain parameter.  It is also noted that the design 
method should only be used for geosynthetics that have the same tensile characteristics in all 
directions.  The design method presented in this work are extended in the form design charts and 
examples found in Giroud et al. (1990).  The solution to the design cases are limited by the 
allowable geosynthetic strain (a material limitation) or the allowable geosynthetic deflection (a 
serviceability limitation).  Most recently, Kuo (2005) recommended a design procedure that 
accounts for soil types and multiple layers of geosynthetic materials spanning a void beneath a 
landfill liner.  This method adopts the constant thickness approach to defining tensile stress in the 
geosynthetic. 
One of the first continuum analyses on geosynthetics spanning voids was completed by 
Gabr et al. (1992).  The objective of this study was to demonstrate the significance of using 
geosynthetic reinforcement to reduce the magnitude of surface deformations or the collapse of 
landfill liners.  Key parameters included the depth of the overburden soil and the width of the 
sinkhole.  The geosynthetic reinforcement was modeled as interface elements.  The results from 
this study indicated that geosynthetic reinforcement can greatly reduce the magnitudes of surface 
deformations, and furthermore, a sinkhole modeled as a circular void rather as opposed to an 
infinitely long void yields decreased surface deformations.    
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Agaiby and Jones (1995, 1996) present the results of a systematic parametric continuum 
analysis for the problem of reinforced fill systems over cavities.  The model was a two-
dimensional plane strain model that considers the void to be infinitely long.  Agaiby and Jones 
(1995) presented the effects of varying void width, geosynthetic modulus, and the height of the 
embankment on the surface displacement and mobilized reinforcement tension, and width of the 
depression zone.  The geosynthetic modulus units are in terms of force per unit length (kN/m).  
Agaiby and Jones (1996) use the same method of continuum analysis to evaluate the response of 
reinforced fill supporting a footing. 
There have been several experimental studies completed on geosynthetics spanning 
subsurface voids (i.e., Kinney et al., 1987; Bridle et al., 1994; Bridle and Jenner, 1997; Villard et 
al., 2000).  These studies were intended to extend the theoretical and numerical analyses that have 
been undertaken for this problem.  Kinney et al. (1987) used several types of geosynthetics to 
span a trench, 0.9 m or 1.8 m wide, overlain by an embankment and road.  Important findings 
include a deformed section that is nearly circular in shape.  Bridle et al. (1994) utilized one or two 
layers of polypropylene geogrid to span 3 m and 5 m diameter voids beneath 600 mm of 
compacted aggregate with an additional surcharge load.  Strains in the geogrids were measured 
using strain gauges.  Notably, the short-term creep of the polypropylene geogrids was greatly 
reduced in the full-scale experimental study compared to laboratory creep conditions, and the 
apparent stiffening of the system is attributed to the mechanical interlock between the geogrid and 
the granular soil.  Bridle and Jenner (1997) couples field data with a model that predicts geogrid 
behavior due to the uniform load and due to shear load from interlocking of the granular fill 
between two layers of geogrid.  Villard et al. (2000) describes full-scale tests completed on 
reinforced, instrumented road and railway structures subjected to localized collapse.  
Additionally, a three dimensional finite element model was undertaken to gain a better 
understanding of the effects of soil arching, tension membrane, and collapse mechanisms.   
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2.4.3  GEOTEXTILE TUBES/BAGS 
 
Geotextiles utilized as a method for the dewatering and desedimentizing soils is an 
application that is rapidly popularity [Koerner, 2005].  The geotextiles must have adequate 
strengths, seam strengths, and filtration properties to be successful in this type of application.  
The sludges that are intended for dewatering can be pumped into the geotextile tubes or bags, 
although the actual amount of time required for dewatering will be greatly influenced by the 
thickness and properties of the filter cake that forms on the inside of the geotextile tube.  The 
geotextile tubes or bags will experience an internal pressure that is resisted by the strength of the 
geotextile; this pressurized container is very similar to the loading conditions that exist in the 
multi-axial test. 
 
2.5  FABRIC/TEXTILE LITERATURE 
 
 There is a multitude of literature that exists on the subject of the mechanical behavior of 
textiles in planar deformation.  A fabric is a very complex structure to analyze mechanically due 
to the many structural levels that exist (Pan, 1996).  These levels include the fiber, yarn, and 
fabric structure, each with separate geometric and mechanical variables. 
Much has also been done to attempt to model the interaction of warp and weft fiber 
interaction (e.g., Cavallaro et al., 2003; King et al., 2005; Kollegal and Srinivasan, 1999; Potluri 
and Thammandra, 2007), often on a unit cell level, and how these properties are influenced by 
yarn shape and density, crimp, etc.  While many of these numerical models are accurate, these 
methods are generally computationally expensive, and often require specialized input parameters.  
A somewhat similar test to the multi-axial tension test is described in Keshavaraj et al. (1996) as 
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the blister test.  This test applies pressurized air to one side of the fabric.  In passive restraint 
systems, however, the air is allowed to escape through the openings in the fabric.   
Villard and Giraud (1998) present a method of modeling a geotextile sheet as a three 
node, three-dimensional element in finite element calculations subject to vertical distributed 
loads.  The results of various simulations is shown in Fig. 2.3, which can be used to determine the 
required characteristics of the geotextile if the vertical load, q, the length of the void, L, and the 
permissible deflection, f, are known. 
 
Fig. 2.3 – Tension in the geotextile depending on f/L ratio (Villard and Giraud, 1998) 
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CHAPTER 3. DEVICE DEVELOPMENT AND TEST INTERPRETATION 
 
3.1  DEVICE DEVELOPMENT 
 
The geosynthetic testing device is a comprehensive tension testing apparatus; specimens 
can be tested in uniaxial, plane-biaxial, or axisymmetric tension (Wartman et al., 2005).  The 
design of the axisymmetric portion was largely based on the established axisymmetric test for 
geomembranes (ASTM D 5617-04) in order to provide a basis for comparison and validation of 
the test results.  However, there are important differences and modifications to the existing test 
standard that were implemented in the final design. 
 
3.2  SERVO-HYDRAULIC SYSTEM 
 
The multi-axial testing system is driven by a 222 kN capacity, 14.6 cm stroke servo-
hydraulic actuator regulated by a 57 liter/min, two-stage servo-valve, which makes it capable of 
testing over a wide range of strain rates (approximately 0.01%/min to 100%/min).  The hydraulic 
actuator is mounted vertically over the baffle and directly controls water pressure in the system 
(see Fig. 3.1).  The system can support a maximum water pressure of approximately 700 kPa.  
The actuator is driven by a large hydraulic pump and manifold system.  This system includes 
three 57-liter accumulators that maintain an operating system pressure of 21 MPa.   
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Fig. 3.1 – Actuator and baffle 
 
3.3  CONTROL AND DATA AQUISITION 
 
The geosynthetic testing device uses an analog servo-controller to control the hydraulic 
actuator.  A closed-loop feedback system can be switched between force (pressure) and 
displacement (strain) control modes depending on the requirements of a given test.  The setpoint 
module allows the manual adjustment of the actuator, and is used to "zero" the system before it is 
powered.  The system includes a 32 channel data acquisition system, and an additional channel of 
analog output that provides the actuator drive signal to the servo-controller.  The actuator drive 
signals are output at a rate of 400 Hz while data can be collected at sampling rates up to 200 Hz.  
The system can acquire data from sensors with an analog output voltage signal within ± 10 volts.  
A photograph of the control and DAQ instrumentation is shown in Fig. 3.2. 
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Sensors used to collect and control the actuators include two non-contact ultrasonic 
displacement transducers and one pressure transducer.  The displacement transducers are used to 
measure the displacement of the baffle and the centerpoint displacement of the geosynthetic 
specimen.  The pressure transducer is used to measure the pressure in the water chamber during 
testing. 
 
 
Fig. 3.2 – Control and data acquisition system  
 
3.4  LOAD FRAME AND SPECIMEN CLAMPING 
 
The salient features of the multi-axial portion of the device are shown in Fig. 3.3 and Fig. 
3.4.  The multi-axial testing system uses pressurized water to apply load to the rubber bladder. 
Water was selected as the pressurized media due to its relative incompressibility, thus avoiding 
the safety concerns associated with potentially explosive compressed media such as air.  The 
pressured components of the device (baffle, connector pipe, water chamber, phenolic spacer) are 
filled with water before testing begins and then sealed to create a closed system devoid of air. 
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Fig. 3.3 – Photograph of geosynthetic testing device, with the multi-axial components shown in blue 
for emphasis. The entire system occupies approximately 30 m2 of floor space 
 
 
Fig. 3.4 – Schematic drawing of the multi-axial portion of the device (Note: Not to scale) 
 
During testing, an actuator compresses the baffle, thus pressurizing the water within the 
system.  The pressurized water is in direct contact with a 4.8 mm-thick neoprene rubber bladder 
which deflects the horizontally mounted circular specimen in the upward, out-of-plane direction.  
The test frame includes an aluminum water chamber with an overlying perforated aluminum 
table.  A 14-cm-high aluminum ring and perforated phenolic spacer elevate the specimen above 
the level of the aluminum table.   
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Fig. 3.5 shows a woven geotextile specimen during testing.  The rubber bladder, shown 
schematically in Fig. 3.6, is located between the test specimen and the underlying phenolic 
spacer.  Neoprene rubber was chosen as a bladder material due to its near linear-elastic, 
repeatable tension response, low surface friction, and durability.  Neoprene gaskets are used 
between the aluminum spacer and the table as well as between the steel ring and the specimen.  
These gaskets serve to prevent water from escaping the closed system and also act as a malleable 
gripping aid.  The specimen is clamped to the device by a 25 mm thick steel ring with inside and 
outside diameters of 483 mm and 660 mm, yielding an 89 mm-wide clamping surface around the 
perimeter of the specimen.  A 2-mm corner radius was machined into the inner diameter of the 
clamping ring to prevent damage to or stress concentrations within the specimen. Both the steel 
ring and aluminum spacer include four linear, epoxy ridges, approximately 2 mm wide by 1 mm 
high.  These ridges are aligned so that they are perpendicular to the fiber directions during a 
multi-axial test, and were added to prevent slippage between the metal and rubber surfaces.    The 
clamping ring is secured to the aluminum spacer by 12 to 16 flange clamps tightened to a uniform 
torque.   
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Fig. 3.5 – Specimen under testing.  The diameter of the specimen is 483 mm 
 
 
Fig. 3.6 – Schematic of a multi-axial test in progress 
 
The clamping ring diameter was selected to be sufficiently large so as to maximize the specimen 
diameter-to-fiber dimension ratio and thus capture the global rather than fiber-scale tension 
response of the geosynthetic.  Fiber widths in woven geotextiles typically range from 0.2 mm to 3 
mm, and thus specimens typically contain at least 150 fibers across their diameter.  The size of a 
multi-axial specimen can also be considered in the context of its diameter-to-material thickness 
ratio.  Merry and Bray (1995) investigated specimen scale effects for multi-axial tests of HDPE 
and PVC geomembranes.  They found no systematic differences in the stress-strain response of 
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the geomembranes over a wide range of clamping ring diameters (102 mm to 508 mm), but 
nevertheless recommended that the specimen diameter-to-material thickness ratio be at least 60 to 
ensure the highest quality experimental results.  As the nominal thickness of most geotextiles (per 
ASTM D 5199) ranges from 0.25 to 3.5 mm (Koerner, 2005), a minimum diameter-to-thickness 
ratio of 130 is typically achieved with the device.  
 
3.4.1  COMPARISON WITH ASTM D 5617 
 
The standard ASTM-specified test device is shown in Fig. 3.7.   The newly developed 
geosynthetic testing device differs slightly from the method in regards to the clamp inner 
diameter, and thus the deflected area.  The ASTM method recommends the use of a 450 mm 
diameter vessel, while the new device uses a 483 mm diameter.  The ASTM method also calls for 
the geosynthetic to be pressured to achieve a constant centerpoint deflection of 20 mm/min.  The 
new device not only has the ability to control using this method, but also using a constant rate of 
strain model or a constant rate of pressure.   
 
Fig. 3.7 – ASTM-specified multi-axial device (Note: Not to scale) [after ASTM D 5617]   
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The multi-axial testing device differs from the standard ASTM D 5617-04-specified test 
device in three main aspects: specimen size, load control options, and use of a bladder for load 
application.  With a 483 mm diameter, the multi-axial device can accommodate specimens that 
are approximately 15% larger in area than the standard ASTM device, which specifies a specimen 
diameter of 450 mm.  The larger specimen size provides a greater diameter-to-fiber dimension 
ratio, thus minimizing the fiber scale effects that can impact measured response. Although current 
ASTM standard specifies that loading be applied under strain-controlled conditions with a 
constant centerpoint deflection rate of 20 mm/min, the multi-axial device was developed to allow 
greater flexibility in testing conditions including options for either load- or strain-control over a 
wide range of load rates.  Finally and perhaps most notably, the device uses a bladder to apply 
load to pervious geosynthetics, a feature that is not addressed in the current test standard.  As 
such, there currently is no standardized approach for conducting and interpreting large diameter 
multi-axial tests on pervious geosynthetics. 
 
3.5  EXPERIMENTAL PROCEDURES  
  
Circular geotextile specimens are pre-cut to a diameter of approximately 660 mm and 
placed on top of the aluminum spacer in tandem with the neoprene rubber bladder.  A light 
dusting of talcum powder is applied to the contact area between the specimen and bladder to 
minimize friction at this interface.  The specimen is positioned so that the fiber directions are 
perpendicular to the epoxy ridges on both the steel ring and aluminum spacer.  The clamping ring 
and an underlying thin neoprene gasket (4.75 mm thick) are then positioned over specimen and 
secured to the aluminum spacer with 12 to 16 evenly-spaced flange clamps located around the 
circumference of the ring.  The flange clamps are tightened in place in a "star" pattern to a 
uniform torque to avoid uneven stress concentrations at the specimen boundary.  The applied 
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torque varies between 190 and 230 N-m depending on the strength of the geotextile.  The 
intermediate neoprene gasket serves to prevent the specimen from slipping from the clamping 
assembly during testing. The system is then fully sealed prior to the beginning of a test. The 
device is housed in a temperature-controlled laboratory (21 ± 2˚C).   The control and data 
acquisition system described previously is used to conduct the test and record data.  Consistent 
with geomembrane multi-axial tests by Merry et al. (1993), tests are typically performed at a 
constant strain rate of 1%/minute.    
The device also features an imaging system that can be used to measure the three-
dimensional shape of the specimen at any point during a multi-axial test.  The imaging system 
consists of a Canon SD 800 IS digital camera with settings configured to obtain 6.25-megapixel 
resolution photographs at a 4.6-mm focal length.  The camera captures images of the specimen in 
rapid succession from eight different perspectives to assure high accuracy processing. Specimens 
are marked with a series of retroreflective 6 mm diameter circular targets (Fig. 3.8) that are 
detected and processed using the photogrammetry software PhotoModeler (Eos, 2003) to develop 
high resolution three-dimensional measurements of the specimen.  Because of the additional 
computational processing requirements, the imaging system is only used on select tests.  The 
accuracy of the three-dimensional measurements is dependent on several factors including image 
resolution, camera calibration, angle between photographs, image and target quality, and target 
redundancy (Eos, 2003). Images acquired at the camera's highest resolution setting (i.e., 3072 x 
2034 pixels) yield an average measurement error of 3.2 parts per thousand, which corresponds to 
an average error of 0.16 mm for a 50 mm measurement (the typical spacing between targets). 
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Fig. 3.8 – Annotated specimen showing locations of targets at normalized distances of 0, 0.25, 0.5, 
0.75, 1 from the centerpoint of the specimen and the direction of longitudinal and transverse strain 
 
 
3.6  INTERPRETATION OF TEST RESULTS FOR GEOTEXTILES 
 
3.6.1  ASSUMPTIONS 
 
Researchers have formulated equations to determine geomembrane stress-strain response 
based on pressures and deformations measured in a multi-axial test (Giroud et al., 1990; Koerner 
et al., 1990; Frobel, 1991; Duvall, 1993; Merry et al., 1993), and detailed in Chapter 2 of this 
work.  Because the multi-axial test is being adopted for use with geotextile specimens, a new 
approach for the interpretation of data from these tests is being presented. 
Woven geotextiles’ mechanical properties depend on the direction in which they are 
measured, and thus these materials exhibit some degree of anisotropy.  Accordingly, a global 
interpretation of stress and strain was adopted whereby the geotextile specimen is treated as a 
membrane structure as described below. 
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The multi-axial test interpretation used for geomembrane materials is based on several 
assumptions, the first of which is that the material deforms as a portion of a sphere when 
restrained by a circular clamp and subjected to uniform out-of-plane pressure. The validity of the 
spherical shape was first investigated experimentally by Treloar (1944) for an isotropic, 
incompressible membrane, and later theoretically confirmed by Adkins and Rivlin (1952).  More 
recently, Merry and Bray (1995) verified the spherical shape assumption for HDPE 
geomembranes under axisymmetric loading by measuring the volume of intruded water during a 
test.  
The spherical assumption for the several of the geotextile specimens (GT-2, GT-3, and 
GT-7) tested in combination with the neoprene rubber bladder was evaluated.  The shape of the 
specimen was verified using the experimental procedure described previously in conjunction with 
the photogrammetry software to determine three-dimensional coordinates on the surface of the 
deformed specimen (Fig. 3.8). In consideration of the GT-2 specimen, the maximum deviation 
between the measured coordinates and a corresponding sphere was less than 2 mm at 
approximately 5% strain (Fig. 3.9), and less than 2.5 mm at 10% strain (Fig. 3.10).  Spatially, the 
deviations were minimized at the center of the specimen, where the fibers are aligned along the 
longitudinal axes.  The greatest deviations at both strain levels occur in the specimen at distances 
between 0.5 to 0.75 of the normalized radius of the clamp.  Spatial differences in deviation from a 
sphere are likely due to the anisotropic weave structure of the geotextile.  Nevertheless, the 
maximum deviation from a sphere is less than 0.01% of the radius of the deformed specimens, 
thereby suggesting that errors associated with this assumption are relatively small over the typical 
range of strains considered.    
A similar analysis was completed for a GT-3 specimen to analyze the deviations from the 
best-fit sphere.  These are plotted in three-dimensional coordinates at two different global strain 
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values in Fig. 3.11 and Fig. 3.12.  A more detailed discussion of the implications of these slight 
deviations is contained in Section 5.2.1. 
 
 
Fig. 3.9 – Deviation from best-fit sphere for GT-2 at approximately 5% global strain 
 
Fig. 3.10 – Deviation from best-fit sphere for GT-2 at approximately 10% global strain 
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Fig. 3.11 – Radial error (in cm) for a GT-3 specimen at approximately 9.5% global strain 
 
 
Fig. 3.12 – Radial error (in cm) for a GT-3 specimen at approximately 19.5% global strain 
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 When interpreting multi-axial test results for geomembranes, the geosynthetic is 
commonly assumed to be incompressible (i.e., it has a Poisson’s ratio of approximately 0.5), an 
assumption that was also adopted for this work.  This assumption implies that the volume of the 
geosynthetic specimen (inner clamping radius multiplied by the initial thickness) is constant; 
thus, the thickness of the specimen decreases as stains accumulate during a test.  Duvall (1993) 
first recognized that geomembranes typically exhibit this type of behavior and proposed a method 
of calculating stress that accounts for a thinning specimen as deformation increased.  As the 
equations adopted in this work are for global stress and strain, not for stress and strain within 
individual fibers of the geotextile, this assumption of incompressibility is thought to best describe 
the response of a geotextile in axisymmetric tension.    
Stresses from uniaxial tests on geotextiles are often presented in units of force per unit 
width (N/m).  This format is convenient in that material thickness does not have to be measured 
and that these stress values can be directly used in design equations for plane strain structures 
such as earth retaining walls.  However, a multi-axial test requires an alternative presentation of 
stress in the form of force per unit of cross sectional area (N/m2).   
Determining cross sectional area of a specimen requires thickness to be measured, which 
is a straightforward task for smooth geomembranes as the extrusion process typically yields a 
solid, relatively consistent-thickness product.   Determining thickness is more complicated for 
geotextiles, whose cross sections include void space due to apertures in the weave as well as the 
space created by the uneven surface of woven geotextiles.  Additionally, the thicknesses of 
geotextiles can vary with applied pressure as the voids are compressed (Koerner, 2005).  The 
nominal thickness of geotextiles can be measured using ASTM D 5199, an established standard 
based on the perpendicular distance between two parallel plates on either side of the specimen 
subjected to a 2 kPa pressure.  However, an alternative approach has been developed for 
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determining specimen thickness that recognizes that during a multi-axial test on a geotextile, the 
uniform pressure deflecting the specimen is principally resisted by the tension forces in the 
individual fibers of the material, in addition to interface shear forces between fibers.  Thus, it is 
appropriate to compute stress based on the cross sectional area of the solid material only (i.e., 
neglecting voids), an approach that is consistent with the material incompressibility assumption 
described earlier. This approach effectively converts the geotextile to a geomembrane, and thus 
this property is termed the equivalent membrane thickness (teq) and computed as:  
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ܯܽݏݏ݌݁ݎܷ݊݅ݐܣݎ݁ܽ
ߩ݂ܾ݅݁ݎݏ
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 (3.1) 
where ρfibers and ρwater represent the density of the fiber resin and the density of water, 
respectively.  The mass per unit area of the geotextile (g/m2) [ASTM D 5261-03] and the specific 
gravity of the polymer resin (g/m3) [ASTM D 792-00] are standard physical properties that may 
be determined using data from the geotextile manufacturer.  Note that if this calculation was 
performed for geomembrane materials, teq will be equal to the nominal thickness of the 
geomembrane, tnom.  The ratio of tnom/teq is between 1.7 and 3.5 for the geotextiles utilized in this 
research. 
 
3.6.2  STRAIN INTERPRETATION 
 
Geotextiles under multi-axial tension typically rupture at low to moderate strain levels 
(approximately 8 to 25%) where the centerpoint deflection of the specimen (δ) is equal to or less 
than the inner clamping radius (L/2).  The equation derived for geomembrane strain in a multi-
axial test [Eq. (2.18)] when δ < L/2 is adopted for geotextile strain in a multi-axial test.  This 
strain represents the longitudinal strain of the specimen and was verified using photogrammetric 
methods.   
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3.6.3  MEASURED STRAIN DISTRIBUTION 
  
The strain distribution for same GT-3 specimen was measured using the imaging 
technique described previously.  Circular targets were placed on the surface of the specimen at 
the intersection of a series of longitudinal chords and concentric circles (Fig. 3.8).  The equally 
spaced longitudinal chords bisected the circular area of the specimen and were oriented at 30, 45, 
60, and 90 degree angles from the geotextile machine direction (i.e., warp direction).  The 
concentric circles were placed around the centerpoint of the specimen at normalized distances of 
0.25, 0.5, 0.75, and 1, where 1 is a circle located along the clamped edge of the specimen.  
The specimen was imaged prior to loading, and then again at various strain levels during 
a multi-axial test.  The photogrammetry software was then used to determine the three-
dimensional coordinates of the circular targets.   Fig. 3.13 shows a specimen in an undeformed 
and deformed state.  Given two points A and B on the flat, undeformed specimen, the distance 
between them is found using the distance formula: 
݀݋ ൌ ܣܤ ൌ ටሺܣݔെܤݔሻ ൅ ൫ܣݕെܤݕ൯ ൅ ሺܣݖെܤݖሻ (3.2)  
where (Ax, Ay, Az) and (Bx, By, Bz) are the three-dimensional coordinates of A and B, and do is the 
original distance between A and B.     
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Fig. 3.13 – Schematic of target mapping from an undeformed to a deformed state and the definition 
of a small and great circle 
 
On the deformed specimen, points A and B are represented as A′ and B′.  The distance 
A′B′ does not represent the deformed length; rather, A′B′ is a chord between these two points and 
can be defined as: 
′′ ൌටሺܣݔ ′െܤݔ ′ሻ ൅ ൫ܣݕ ′െܤݕ ′൯ ൅ ሺܣݖ ′െܤݖ ′ሻ (3.3) 
where (Ax′, Ay′, Az′) and (Bx′, By′, Bz′) are the three-dimensional coordinates of A′ and B′. 
The deformed distance of the specimen between A′ and B′ is actually the arc length between these 
points defined by the following equation: 
݀ ൌ ܽݎܿ݈݁݊݃ݐ݄൫ܣ′ܤ′൯ ൌ ܴߚǡ (3.4) 
where R is the radius of sphere and β is the central angle that is formed by A′ and B′. 
Based on Eq. (2.13), the radius R of the sphere can be determined from the deflection of the 
specimen.  The central angle can be determined by realizing that any two unique points on a 
sphere that do not form poles define a great circle on a sphere.  A great circle is the intersection of 
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a sphere with a plane passing through the center of the sphere; therefore, a great circle and the 
sphere it is on share both the same radius and circumference.  Since a triangle is formed by the 
points A′, B′, and the centerpoint C of the sphere, and the length of the three sides are known (R, 
R, and A′B′), the law of cosines can be used to determine central angle β: 
ሺԢԢ ሻʹ ൌ ܴʹ ൅ ܴʹ െ ʹܴʹ  ߚ (3.5) 
This equation is further simplified and combined with Eq. (3.4) to yield the arc length between A′ 
and B′: 
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െͳ ൥ͳ െ
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൩ (3.6) 
Strain may then be calculated by relating the deformed length between targets to the 
original length using Eq. (2.1).  Fig. 3.14 and Fig. 3.15 show longitudinal strain values within a 
woven polypropylene geotextile specimen (GT-3) for the profiles oriented between 0 to 90 
degrees from the machine direction.  The figure includes strain data at two points in the test 
corresponding to 5% (Fig. 3.14) and 10% (Fig. 3.15) average longitudinal strain levels.  The data 
indicate that longitudinal strains are nearly uniform in distribution across the specimen.  The 
limited deviation from the average strain is primarily attributed to the weave of the geotextile.  
Details of this specimen and other materials tested in this work are presented in the following 
chapter.   
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Fig. 3.14 – Localized longitudinal strain across GT-3 at approximately 5% global strain 
 
 
Fig. 3.15 – Localized longitudinal strain across GT-3 at approximately 10% global strain 
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 Transverse strain within the specimen was also determined based on the imaging-derived 
measurements of the target locations. Because the targets were spaced at distances of 0, 0.25R, 
0.5R, 0.75R, and 1R, when the specimen deformed, these targets formed small circles on the 
sphere (see Fig. 3.8) parallel to the aluminum table.    The best-fit circle was calculated using the 
x,y-coordinates of the targets in each of these small circles and using a regression formula to 
determine the radius and centerpoint (x,y) of the small circle.  The transverse arc length was 
derived similarly to the method described above and resulting in Eq. (3.6), with the exception of 
the chord distance and radius having been specified for a small circle instead of a great circle.  
The results in Fig. 3.16 show the distribution of normalized transverse strain plotted 
against normalized radius.   For linear elastic, isotropic, homogeneous materials in multi-axial 
tension, theoretical calculations have been done to predict the transverse strain at 0.25R, 0.5R, 
0.75R, and 1R from the centerpoint of the specimen to be 94, 75, 44, and 0 percent of the 
longitudinal strain, respectively.  Fig. 3.16 shows the effect of the boundary conditions on 
transverse strain on a geotextile specimen.  Review of the data from this figure indicates:  
 
1.  At the exact centerpoint of the specimen, pure biaxial stress conditions exist with  
 longitudinal and transverse strains being equal (i.e., normalized transverse strain = 1),  
2.  At a distance of 1R from the centerpoint, there is no transverse strain (i.e., normalized  
 transverse strain = 0) because it is here that the specimen is clamped; thus, the specimen  
 is in a plane strain biaxial stress state at the clamped edge.   
3.  Although the results are for a geotextile in multi-axial tension, the range of transverse  
 strain values are very close to the theoretical formulation for a linear elastic, isotropic,  
 homogeneous material.  Additionally, the discrepancies between measured and computed  
 strains are comparable to those for geomembranes (Bray and Merry, 1999).   
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   This investigation of transverse strain was undertaken to examine the contribution of the 
woven structure of a geotextile to the strain distribution of the specimen in multi-axial tension.  
There were no discernable differences in transverse strain behavior compared to a similar test on 
a geomembrane.  
 
 
Fig. 3.16 – Variation in transverse strain and cumulative area vs. normalized position (experimental 
sample size, n = 16) 
 
3.6.4  STRESS INTERPRETATION 
 
As mentioned previously, the average stress equation for a multi-axial test is based upon 
the in-plane stress of a spherical pressure vessel (Merry et al., 1993).  In-plane stress during a 
multi-axial test on geomembranes is given by Eq (2.23): 
49 
ߪ ൌ
ሺܮʹ ൅ Ͷߜʹሻʹ݌
ͳ͸ߜܮʹݐ݋
 (2.23) 
For geotextiles, the effective membrane thickness, teq, is used in place of original thickness, to.  
This provides the following expression for true average stress in a geotextile specimen: 
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 (3.7) 
Eq. (2.24) [per Giroud et al. (1990)] may also be used to interpret the multi-axial test for 
geotextiles.  This equation does not take into account the initial thickness of the geotextile or any 
changes in the thickness during the test in the calculation of geosynthetic tension, α (in units of 
force per unit width). 
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3.6.5  BLADDER CORRECTION 
 
Because both a neoprene rubber bladder and a specimen are deflected together during a 
multi-axial test on geotextiles, a modification to Eq. (3.7) is required to account for the additional 
stiffness and strength contribution from the bladder.  The modified stress equation [Eq. (3.8)] 
accounts for this effect by correcting for the pressure needed to deflect the bladder (pB ) at a given 
deflection (δ) by modifying the pressure term in the numerator: 
ߪ ൌ
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 (3.8) 
The bladder correction pressure is determined in pre-test trials by conducting a multi-axial test on 
the bladder alone (i.e., without a specimen in place) and measuring both the applied pressure and 
deflection.  Although the bladder is nearly perfectly linear elastic, pre-test trails are performed to 
strains that slightly exceed the anticipated rupture strain of the geotextile test specimen to 
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precisely account for any minor non-linearities in the strength response in the correction 
procedure.   
The modified stress equation was verified based on tests of two different geomembranes.  
Geomembranes were selected for this verification because they are impervious and therefore can 
be tested with and without the bladder in place to facilitate a direct comparison.  A 1.5 mm HDPE 
(GM-1) was evaluated due to its high strength, common use in practice, and presence in the 
literature.  A 1 mm PVC (GM-2) was also evaluated since it has near linear elastic properties over 
a range of small to moderate strains and has been evaluated previously by other researchers, and 
has different surface friction characteristics than HDPE.  The properties of these geomembranes 
can be found in Table 3.1. 
 
Table 3.1 – Geomembrane Properties 
Property Standard GM-1 GM-2 
Material type  HDPE PVC 
Thickness (mm) ASTM D 5199 1.5 1 
Specific Gravity (g/cm3) ASTM D 792 0.94 1.2 
 
 
 The verification was performed by performing a multi-axial test on the geomembranes 
both in isolation (without the bladder) and with the bladder.  The stress response of the latter of 
these two tests was derived using Eq. (3.8) and compared with that from the in-isolation test.  Fig. 
3.17 and Fig. 3.18 present the results of this comparison.  The results indicate very good 
agreement thereby suggesting that the modified equation adequately accounts for the neoprene 
bladder.  
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Fig. 3.17 – Pressure vs. strain data for 1.5 mm HDPE geomembrane at 1%/min strain rate 
 
 
Fig. 3.18 – Pressure vs. strain data for 1.0 mm PVC geomembrane at 1%/min strain rate 
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CHAPTER 4. MULTI-AXIAL AND UNIAXIAL COMPARISON 
 
4.1  MATERIAL CHARACTERIZATION 
 
The relevant properties and description for the seven geotextiles evaluated for this 
research (GT-1 through GT-7) are summarized in Table 4.1.  The methods utilized to calculate 
the various parameters are described in following sections. 
Care was taken to select geotextiles with varying weave, fiber types, resin types, and 
mass per unit area.  The clamping system was a limiting factor in the material selection.  There 
should be no slip occurring within the clamped length of the specimen during a multi-axial test; 
all of the deformation should occur within the unclamped, circular region of the specimen.  
Various strengths of woven polyester and polypropylene fabrics were used at the beginning 
stages of testing to assess the limits of the clamping system.  It was found that the highest 
strength for a material that could be restrained by the clamping system was approximately 90 
kN/m (ASTM D 4595-05).   This strength was approximately equal to the lowest-strength 
polyester geotextiles that were commercially available at the time. 
Therefore, a low-strength polyester geotextile (GT-6) with a plain weave was selected as 
the representative polyester geotextile.  The fibers are multi-filament yarns, as with most 
polyester geotextiles.  Additionally, a polyester-polyproplyene fabric (GT-7) was chosen since 
the PET direction (MD) met the 90 kN/m limit, and there was a desire to evaluate the effects of 
an anisotropic geotextile (much different strengths in the MD compared to the XD direction).  
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Table 4.1- Geotextile Properties 
Property Standard GT-1 GT-2 GT-3 GT-4 GT-5 GT-6 GT-7 
Material  PP PP PP PP PP PET PP/PET 
Description  woven woven woven woven woven woven woven 
MD Fiber 
Description  
mono-
filament 
mono-
filament slit film slit film 
mono-
filament 
multi-
filament 
PET multi-
filament 
XD Fiber 
Description  fibrillated fibrillated fibrillated fibrillated fibrillated 
multi-
filament PP slit film 
Nominal 
Thickness, tn 
(mm) 
ASTM  
D 5199 0.965 1.600 0.381 0.508 0.635 0.559 0.533 
Mass/Area (g/m2) ASTM  D 5261 291 436 161 269 244 292 185 
Specific Gravity 
(g/cm3) 
ASTM  
D 792 0.91 0.91 0.91 0.91 0.91 1.37 
1.37 MD/  
0.91 XD 
Equivalent 
Membrane 
Thickness, teq 
(mm) 
 0.319 0.479 0.177 0.296 0.268 0.213 0.152 
Equivalent 
Directional 
Membrane 
Thickness (MD), 
teq, MD (mm) 
 0.164 0.221 0.077 0.118 0.115 0.110 0.103 
Equivalent 
Directional 
Membrane 
Thickness (XD), 
teq, XD (mm) 
 0.156 0.258 0.100 0.178 0.153 0.103 0.049 
Ratio of 
Nominal/Effective 
Thickness 
 3.02 3.34 2.15 1.72 2.37 2.62 3.51 
 
 In the selection of the polypropylene geotextiles (GT-1 through GT-5), it was desirable 
for these geotextiles to have similar or differing properties/characteristics: 1) weave type, 2) fiber 
type, and 3) weight (mass per unit area)/strengths (wide-width strengths.  Weight and strength are 
generally correlated for woven geotextiles.  Additionally, all of the geotextiles were to be 
commercially available and specified by the manufacturer to be used in reinforcement or 
stabilization functions. 
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 GT-1, GT-2, and GT-5 are produced by the same manufacturer.  All three have 
monofilaments in the MD direction and fibrillated fibers in the XD direction.  They are of varying 
strengths and weights.  GT-1 and GT-2 have a 2/2 twill weave.  GT-5 has a plain weave.  All 
three were specified by the manufacturer to have approximately the same strengths in the MD and 
XD direction. 
 GT-3 and GT-4 also share a manufacturer.  The geotextiles were selected because they 
share these characteristics: fiber type (fibrillated XD fibers, slit film MD fibers) and weave (plain 
weave).  These geotextiles have different mass per unit areas/strengths. 
 
4.1.1  SPECIFIC GRAVITY 
 
The specific gravity of the geotextiles was initially evaluated using procedures contained 
in ASTM D 792.  The polypropylene materials were submerged in isopropyl alcohol (specific 
gravity = 0.79) due to having a specific gravity less than that of water.  If water was used as the 
submerging fluid, the polypropylene materials would float, thereby prohibiting an accurate 
measure of specific gravity.  However, the specific gravity of the polypropylene geotextiles was 
found to be less (values ranged from 0.86 to 0.90) than the expected specific gravity of 
polypropylene (0.91) [Koerner, 2005].  It is thought that this discrepancy is due to trapped air 
within the geotextile fiber matrix.  To test this hypothesis, two of the polypropylene materials 
were put through an extrusion plastometer, also known as a melt-flow indexer, as described by 
ASTM D 1238.  The extruded resin was then used to determine the specific gravity of the 
material.  In the case of both geotextiles, values that were more compatible with the expected 
value of 0.91 were measured.  Therefore, it was decided that a value of 0.91 would be utilized for 
the specific gravity of the polypropylene components in the geotextiles considered. 
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The specific gravity of the polyester fibers was measured according to ASTM D 792.  
Polyester is resin used entirely for GT-6 and for the machine direction fibers in GT-7.  There is a 
range of specific gravities that are possible for polyester is 1.22 to 1.38 (Koerner, 2005).  The 
results from the specific gravity tests on the polyester materials were consistent.  Values ranged 
from 1.365 to 1.372.  Therefore, a value of 1.37 was selected to represent the polyester materials 
in this study. 
 
4.1.2  MASS PER UNIT AREA 
 
Mass per unit area (MPA) [ASTM D 5261-03] is one method of characterizing planar 
structures such as geotextiles and geomembranes (Giroud, 1984).  For this study, geotextiles were 
chosen to have a range of MPA values.  GT-1, GT-2, and GT-5 are produced by the same 
manufacturer and belong to the same “family” of polypropylene geotextiles as described by their 
manufacturer.  These geotextiles are composed of monofilaments in the machine direction and 
fibrillated fibers in the cross-machine direction.  The MPA values for GT-1, GT-2, and GT-5 are 
291, 436, and 244 g/m2, respectively.   
GT-3 and GT-4 also belong to the same family as described by their manufacturer 
(different from GT-1, GT-2, and GT-5).  These are both polypropylene materials that have slit 
film fibers in the machine direction and fibrillated fibers in the cross-machine direction.  GT-3 
was calculated to have a MPA of 161 g/m2, and GT-4 was calculated to have a MPA of 269 g/m2. 
GT-6 is composed of polyester multi-filament fibers in both the machine and cross 
machine direction.  The MPA for GT-6 was calculated to be 292 g/m2.  GT-7 is the only material 
that is made of fibers of differing resin.  The machine direction fibers are polyester multi-
filaments while the cross-machine direction are slit film polypropylene fibers.   This material was 
calculated to have a MPA of 185 g/m2. 
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 The values calculated for the mass per unit area of GT-1 through GT-7 were compared to 
available data provided by the manufacturer.  Most of the geotextiles were found to be in good 
agreement, with the largest deviation occurring for GT-2.   
 It was also of interest to determine the percentages of machine and cross-machine 
direction to the mass per unit area.  To determine these percentages, the specimen was 
deconstructed (i.e., the MD fibers were separated from the XD fibers by peeling these fibers from 
the geotextile structure) and the mass of fibers in the two fiber direction were determined and 
then divided by the total mass of the specimen.  All of the mass per unit area data can be found in 
Table 4.2. 
 
Table 4.2 – Calculation of mass per unit area (MPA) [all values provided in g/m2] 
Specimen 
Number GT1 GT2 GT3 GT4 GT5 GT6 GT7 
1 289.66 434.24 163.48 266.41 243.16 286.75 186.48 
2 291.35 434.97 164.69 270.28 244.61 299.59 187.21 
3 293.29 438.60 158.63 270.28 248.00 299.34 185.76 
4 293.05 440.06 163.72 267.38 245.82 293.77 185.76 
5 288.93 441.02 161.54 266.99 242.43 291.35 183.09 
6 292.56 435.65 162.11 272.22 240.40 288.83 188.91 
7 287.91 433.05 155.33 270.28 243.05 289.81 182.07 
8 287.37 428.98 161.24 270.52 241.85 288.75 183.04 
Average (g/m2) 290.51 435.82 161.34 269.30 243.66 292.28 185.29 
MD % 51.2% 46.1% 43.7% 39.8% 42.8% 51.4% 75.8% 
XD % 48.8% 53.9% 56.3% 60.2% 57.2% 48.3% 24.2% 
 
 
4.1.3  NUMBER OF FIBERS PER UNIT LENGTH 
 
The number of fibers per unit length was determined by counting the number of fibers in 
a 20.32 cm (8 inch) wide specimen and then dividing by this width.  This process was completed 
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for approximately ten specimens in both the MD and XD direction for all seven geotextiles.  The 
results of this process are summarized in Table 4.3. 
 
Table 4.3 – Summary of average data for the number of fibers per unit width (cm) 
# Fibers/cm Width 
GT-1 
MD 14.23 
XD 4.18 
GT-2 
MD 12.72 
XD 2.49 
GT-3 
MD 6.53 
XD 4.59 
GT-4 
MD 4.81 
XD 5.46 
GT-5 
MD 9.52 
XD 3.99 
GT-6 
MD 12.58 
XD 6.36 
GT-7 
MD 12.69 
XD 3.93 
 
4.1.4  MASS OF FIBER PER UNIT LENGTH  
 
Linear elements, such as fibers or yarns, can be characterized by their linear density (i.e., 
mass per unit length).  This is important because geotextiles are composed of these elements.  The 
summary data for the three geotextiles that were selected for analysis in the micro-mechanical 
portion of this work is contained in Table 4.4.  The SI unit for linear density is kg/m, however, 
common units utilized by the textile industry are tex and denier.  The conversions are as follows: 
1 tex = 10-6 kg/m 
1 tex = 9 denier 
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Table 4.4 – Summary of average data for linear density (i.e., mass per unit length) for GT-1, GT-3, 
and GT-6 
Mass per 
unit length 
(10-4 kg/m) 
Mass per 
unit length 
(tex) 
Mass per 
unit length 
(denier) 
GT-1 
  
MD 1.02 102 11.3 
XD 3.39 339 37.6 
GT-3 
  
MD 1.11 111 12.3 
XD 2.01 201 22.4 
GT-6 
  
MD 1.17 117 13.0 
XD 2.27 227 25.2 
 
 
4.1.5  WEAVE 
 
The seven geotextiles selected were all woven geotextiles, as this is the common type of 
geotextile that is used in applications where the geotextile is used in reinforcement or stabilization 
functions.  Most of the geotextiles in this study are classified as having a plain weave structure.  
More specifically, the geotextiles are considered warp-faced plains.  Characteristic of these types 
of fabrics are higher warp (MD) than weft (XD) crimp, as shown in Fig. 4.1 (Sondhelm, 2000).   
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Fig. 4.1 – Plan view and cross-sections of warp-faced plain weave fabric (Sondhelm, 2000). 
 
 Photographs of GT-1 through GT-7 are shown in Fig. 4.2 with a scale for reference.  GT-
3 through GT-7 have plain weave structures.  GT-1 and GT-2 are twill fabrics.  Twill fabrics 
produce diagonal lines on the face of a fabric.  GT-1 and GT-2 are 2/2 twill fabrics, whereby a 
MD fiber travels over two XD fibers then under two XD fibers and its neighbor MD fiber does 
the same, but this pattern is offset by one XD fiber.   
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Fig. 4.2 – Photographs of the geotextiles considered in this study (GT-1 through GT-7) including a 
reference scale and an arrow indicating the machine direction (MD) 
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4.2  MULTI-AXIAL TEST RESULTS 
 
4.2.1  REPEATABILITY 
 
In multi-axial tension, most the geotextiles only had one trial at both the 100%/min and 
0.1%/min rates, and thus the data represented by in these tests are the single trial results on any of 
the following plots.   All of the tests that had three or more trials were analyzed for repeatability.  
This includes all of the multi-axial 1%/min and 10%/min strain rate tests shown in Fig. 4.3 
through Fig. 4.9.  The pressure provided on these plots is actually p - pB ; that is, the pressure 
shown is the actual pressure reading in the tank minus the pressure required to inflate the bladder 
to that given deflection. 
 
 
Fig. 4.3 – Multi-axial test results for GT-1 at (a) 1%/min strain rate (n=5) and (b) 10%/min strain 
rate (n=3) 
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Fig. 4.4 – Multi-axial test results for GT-2 at (a) 1%/min strain rate (n=5) and (b) 10%/min strain 
rate (n=3) 
 
Fig. 4.5 – Multi-axial test results for GT-3 at (a) 1%/min strain rate (n=4) and (b) 10%/min strain 
rate (n=3) 
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Fig. 4.6 – Multi-axial test results for GT-4 at (a) 1%/min strain rate (n=3) and (b) 10%/min strain 
rate (n=3) 
 
 
Fig. 4.7 – Multi-axial test results for GT-5 at (a) 1%/min strain rate (n=3) and (b) 10%/min strain 
rate (n=3) 
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Fig. 4.8 – Multi-axial test results for GT-6 at (a) 1%/min strain rate (n=3) and (b) 10%/min strain 
rate (n=3) 
 
 
Fig. 4.9 – Multi-axial test results for GT-7 at (a) 1%/min strain rate (n=3) and (b) 10%/min strain 
rate (n=3) 
 
Koerner (2004) provides data relating to the repeatability and reproducibility of common 
geosynthetic test methods in order to quantify the uncertainty associated with these tests.  This 
can also be thought of as a measure of the precision of the test.  Data from select test methods are 
shown in Table 4.5.  To complete these statistical analyses, one type of value for each test was 
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reported.  As an example, the break pressure from ASTM D 5617 was reported.  The statistics 
reported in this reference represent the uncertainty in this parameter only.   
 
Table 4.5 – Uncertainty relating to select geosynthetic test methods (Koerner, 2004) 
Standard Name Repeatability Sr 
Reproducibility 
SR 
Uncertainty 
% 
ASTM D 792 specific gravity 0.002 0.005 1 
ASTM D 3786 mullen burst 0.06 0.09 11 
ASTM D 4595 GT WWT 0.11 0.24 26 
ASTM D 4885 GM wide width 0.11 0.14 18 
ASTM D 5199 thickness 0.018 0.045 5 
ASTM D 5261 mass/unit area 0.05 0.12 13 
ASTM D 5617 multi-axial 0.15 0.2 25 
 
 Repeatability Sr is the coefficient of variation (COV) for the data from a single 
laboratory, while the reproducibility SR considers the data from all of the laboratories considered.  
As a comparison to the COV data published in Koerner (2004), the burst pressures from the 
1%/min and 10%/min strain rate tests are summarized in Table 4.6 and Table 4.7, respectively.  
Although the sample size is statistically insignificant, it is still useful to compare these values.  
The geotextiles that have the highest variability are GT-2 and GT-6.  This is most likely due to 
the high strengths of these geotextiles and the increased (but uneven) clamping pressure that must 
be applied to prevent slip at high strains. 
 
Table 4.6 – Summary of burst pressures from 1%/min strain rate multi-axial tests 
1%/min Strain Rate GT-1 GT-2 GT-3 GT-4 GT-5 GT-6 GT-7 
Average Burst Pressure (kPa) 297.1 398.3 175.0 278.2 240.4 441.9 205.0 
Representative Burst Pressure 
(kPa) 311.6 378.7 168.5 270.2 236.2 430.6 196.2 
Minimum Burst Pressure (kPa) 290.5 372.4 168.5 270.2 228.8 413.0 196.2 
Maximum Burst Pressure (kPa) 311.6 447.7 181.8 286.6 256.1 469.8 221.8 
Standard Deviation (kPa) 8.7 34.2 5.5 8.2 14.1 18.9 14.5 
COV 0.03 0.09 0.03 0.03 0.06 0.04 0.07 
Number of Tests, n 5 4 4 3 3 7 3 
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Table 4.7 – Summary of burst pressures from 10%/min strain rate multi-axial tests 
10%/min Strain Rate GT-1 GT-2 GT-3 GT-4 GT-5 GT-6 
Average Burst Pressure (kPa) 301.7 413.2 190.2 317.4 245.7 433.2 
Representative Burst Pressure 
(kPa) 301.9 413.0 190.6 313.3 247.4 456.8 
Minimum Burst Pressure (kPa) 295.8 399.4 188.6 313.3 240.8 358.2 
Maximum Burst Pressure (kPa) 307.3 427.1 191.3 319.6 249.1 484.4 
Standard Deviation (kPa) 5.8 13.9 1.4 3.6 4.4 66.4 
COV 0.02 0.03 0.01 0.01 0.02 0.15 
Number of Tests, n 3 3 3 3 3 3 
 
 
4.2.2  PRESSURE VS. DEFLECTION RESPONSE 
 
A representative test for each geotextile at a given strain rate was selected as a means of 
comparing data.  This was chosen to be test that was closest to the median values from 0% strain 
through ultimate strain.  The following figures show the representative response of the various 
geotextiles at 0.1%/min (Fig. 4.10), 1%/min (Fig. 4.11), 10%/min (Fig. 4.12), and 100%/min 
(Fig. 4.13) strain rates.  These plots show the data that was obtained directly during testing.   
 
 
Fig. 4.10– Representative pressure vs. deflection multi-axial test results for GT-1 through GT-7 at 
0.1%/min strain rate 
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Fig. 4.11 – Representative pressure vs. deflection multi-axial test results for GT-1 through GT-7 at 
1%/min strain rate 
 
 
Fig. 4.12– Representative pressure vs. deflection multi-axial test results for GT-1 through GT-7 at 
10%/min strain rate 
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Fig. 4.13 – Representative pressure vs. deflection multi-axial test results for GT-1 through GT-7 at 
100%/min strain rate 
 
4.2.3  PRESSURE VS. STRAIN RESPONSE 
 
The global strain can be calculated using the centerpoint deflection at any point during 
the test according to Eq. (2.18).  The representative data from each strain rate has been 
transformed into pressure vs. strain relationships.  Transforming the deflection data into strain is 
important because this normalizes the deflection that is occurring throughout the test with respect 
to its initial geometry (the diameter of the clamp). 
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Fig. 4.14 – Representative pressure vs. strain multi-axial test results for GT-1 through GT-7 at 
0.1%/min strain rate 
 
 
Fig. 4.15 – Representative pressure vs. strain multi-axial test results for GT-1 through GT-7 at 
1%/min strain rate 
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Fig. 4.16 – Representative pressure vs. strain multi-axial test results for GT-1 through GT-7 at 
10%/min strain rate 
 
 
Fig. 4.17 – Representative pressure vs. strain multi-axial test results for GT-1 through GT-7 at 
100%/min strain rate 
 
4.2.4  AVERAGE TRUE STRESS (teq) VS. STRAIN RESPONSE 
 
The representative multi-axial data was further reduced to average true stress (teq) using 
Eq. (3.8).  These average true stress (teq) vs. strain plots are shown in the following figures, and 
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are group the data by strain rate (Fig. 4.18 through Fig. 4.21) and by geotextile number (Fig. 4.22 
through Fig. 4.28). 
 There are several important characteristics of these plots.  First, the response of the 
polypropylene geotextiles (GT-1 through GT-5) at a given strain rate are quite similar, even 
through their pressure vs. strain responses are very different (see the plots from Section 4.2.3).  
Fig. 4.18 through Fig. 4.21 show that using equivalent thickness in the average stress equation 
acts as a normalizing function.  Furthermore, these plots suggest that woven polypropylene 
geotextiles have a similar multi-axial response at a given strain rate for the weaving patterns 
investigated.   
 
 
Fig. 4.18 – Representative average true stress (teq) vs. strain multi-axial test results for GT-1 through 
GT-7 at 0.1%/min strain rate 
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Fig. 4.19 – Representative average true stress (teq) vs. strain multi-axial test results for GT-1 through 
GT-7 at 1%/min strain rate 
 
 
Fig. 4.20 – Representative average true stress (teq) vs. strain multi-axial test results for GT-1 through 
GT-7 at 10%/min strain rate 
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Fig. 4.21 – Representative average true stress (teq) vs. strain multi-axial test results for GT-1 through 
GT-7 at 100%/min strain rate 
 
The representative average true stress multi-axial response of the geotextiles at varying 
strain rates are shown in Fig. 4.22 through Fig. 4.28.   The polypropylene geotextiles (GT-1 
through GT-5) are greatly affected by the changes in the strain rate; this change affects both the 
strength and modulus.  The polyester geotextile data (GT-6) shows that the modulus is not 
significantly affected by the differing strain rates; however, the ultimate stress decreases as the 
strain rate decreases.  The PET/PP geotextile (GT-7) shows slight decreases in strength and 
modulus, but the overall constitutive response appears to be governed by the PET fibers rather 
than the PP fibers. 
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Fig. 4.22 – Representative average true stress (teq) vs. strain multi-axial test results for GT-1 at 
varying strain rates 
 
 
Fig. 4.23 – Representative average true stress (teq) vs. strain multi-axial test results for GT-2 at 
varying strain rates 
 
75 
 
Fig. 4.24 – Representative average true stress (teq) vs. strain multi-axial test results for GT-3 at 
varying strain rates 
 
 
Fig. 4.25 – Representative average true stress (teq) vs. strain multi-axial test results for GT-4 at 
varying strain rates 
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Fig. 4.26 – Representative average true stress (teq) vs. strain multi-axial test results for GT-5 at 
varying strain rates 
 
 
Fig. 4.27 – Representative average true stress (teq) vs. strain multi-axial test results for GT-6 at 
varying strain rates 
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Fig. 4.28 – Representative average true stress (teq) vs. strain multi-axial test results for GT-7 at 
varying strain rates 
 
The repeatability of the geotextile response in multi-axial tension was evaluated by 
plotting the coefficient of variation (COV), standard deviation, and range of stress (teq) vs. strain 
for the 1%/min strain rate (Fig. 4.29) and 10%/min strain rate (Fig. 4.30) multi-axial tests.  The 
coefficient of variation is defined as the standard deviation divided by the mean.  However, 
because of the small sample size for this data (the average sample size is n=3), the COV and 
standard deviation data is statistically insignificant.   The range of average true stress (teq) values 
at a given strain varies from 2 – 20 MPa, with the higher strength geotextiles having the higher 
ranges. 
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Fig. 4.29 – (a) COV, (b) standard deviation, and (c) range for stress (teq) from 1%/min multi-axial test 
data at various strain values
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Fig. 4.30 – (a) COV, (b) standard deviation, and (c) range for stress (teq) from 10%/min multi-axial 
test data at various strain values
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4.2.5   STRESS (kN/m) VS. STRAIN RESPONSE (CONSTANT 
THICKNESS MODEL) 
 
Giroud et al. (1990) presented equations to interpret multi-axial tests without regard to 
the thickness of the geosynthetic.  The implications of this interpretation have been discussed in 
detail in Chapter 2.  The relevant equation for this stress interpretation is Eq. (2.24); there is no 
variable present in this equation that accounts for the thickness of the geosynthetic.  The multi-
axial data were analyzed using this equation and the results are shown in the following figures. 
 
 
Fig. 4.31 – Representative stress (kN/m) vs. strain multi-axial test results for GT-1 through GT-7 at 
0.1%/min strain rate 
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Fig. 4.32 – Representative stress (kN/m) vs. strain multi-axial test results for GT-1 through GT-7 at 
1%/min strain rate 
 
 
Fig. 4.33 – Representative stress (kN/m) vs. strain multi-axial test results for GT-1 through GT-7 at 
10%/min strain rate 
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Fig. 4.34 – Representative stress (kN/m) vs. strain multi-axial test results for GT-1 through GT-7 at 
100%/min strain rate 
 
This data can easily be transformed into units of stress in terms of force per unit area by 
dividing by the thickness of the geotextile.  This interpretation was implied by Giroud et al. 
(1990), explicitly stated by Merry et al. (1993), and was presented as Eq. (2.23).  According to 
this interpretation, the thickness does not change throughout the test (the original thickness, to, 
should be taken to be equal to teq); thus, this interpretation will always lead to lower values of 
stress.  These deviations become significant with increasing strain.  An example of the deviations 
caused by this interpretation is shown in for GT-1 in Fig. 4.35. 
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Fig. 4.35 – Comparison of constant volume vs. constant thickness interpretation of stress for GT-1 at 
(a) 1% strain rate and (b) 10% strain rate 
 
4.2.6  COMPARISON TO MULLEN BURST DATA 
 
The bursting strength of materials was initially evaluated by the paper industry when 
John Mullen sold his first tester to the Parson Paper Company in 1887 (Borch, 2001).  The 
Mullen burst tester was relied upon to measure the material's physical strength and fiber bond.  
The tester utilized a smooth rubber diaphragm that was pressurized and inflated until it ruptured 
the material clamped over it.  The basic theory behind the Mullen burst test has not changed and 
is still used by the paper industry.  Due to the advancement of sensory and computer technology, 
the major modifications to the tester have been in the acquisition of data.  The result of this was 
the pressure within the device when the material ruptured.  Currently, ASTM D774-97 (Bursting 
Strength of Paper) is in practice (Borch, 2001). 
Eventually, the Mullen burst test was adopted by the textile industry to simulate a 
material being stressed in many directions simultaneously during service, such as an elbow going 
through the sleeve of a garment.  The basis for performing this test is that because multi-
directional stresses exist during the service of a fabric, it is more likely to fail by bursting than 
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from a uniaxial tensile fracture.  The device utilized a hydraulic pressure to distend both the 
flexible rubber diaphragm as well as the textile specimen.  The hydraulic pressure was recorded at 
failure; however because a certain amount of pressure is needed to inflate the diaphragm itself, 
this pressure must be corrected in order to determine the bursting strength of the specimen itself 
(Saville, 1999). 
ASTM D 3786-08 (Standard Test Method for Hydraulic Bursting Strength of Knitted 
Goods and Nonwoven Fabrics – Diaphragm Bursting Strength Tester Method) is the current 
standard that covers the determination of the resistance of textile fabrics to bursting strength using 
the Hydraulic Diaphragm Bursting Tester (seen in Fig. 4.36).  The unclamped specimen size is 31 
± 0.75 mm (1.22 ± 0.03 in.) in diameter.  A rubber bladder (visible in Fig. 4.37) is used to contain 
the hydraulic or pneumatic pressure source which bursts the fabric specimen.  Typically, 
hydraulic pressure is created by displacing fluid at a rate of 95 ± 5 mL/min.  The test method 
indicates that a “diaphragm correction (tare pressure)” should be subtracted from the rupture 
pressure in order to record the actual pressure required to burst the specimen.  This tare pressure 
should be the pressure required to inflate the diaphragm to approximately the mean height of the 
specimen at rupture.   
 
Fig. 4.36 – Photograph of Mullen burst testing machine 
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Fig. 4.37 – Photograph of the clamping surface of Mullen burst testing device 
 
The Mullen burst test does not record the deflection of the specimen during the test; this 
method only accounts for the final rupture pressure.  ASTM D 3786 was recently removed from 
the list of acceptable test methods by ASTM Committee D-35 on geosynthetics.  This was done 
because of the high variability in the results from this method and because of its limited use as an 
index test only. 
The burst pressures and ultimate deflections (i.e., the ultimate stress and failure strain) 
observed in the multi-axial tests presented in the previous sections were used to predict a Mullen 
burst pressure.  This was done by using the ultimate stress (teq) and failure strain at the 100%/min 
strain rate tests, as this is the closest testing condition to a constant rate of volume change of 95 
mL/min.  The failure values for stress and strain were considered to be the same in a 31 mm 
diameter specimen, and using L = 31 mm, the pressure, p-pB, from Eq. (3.8) was back-calculated. 
 A comparison was made between the anticipated Mullen burst pressures and the reported 
Mullen burst pressures for GT-1 through GT-5.  In some cases, only the minimum average roll 
value (MARV) was provided.  The results from this analysis indicated that the reported typical 
Mullen Burst pressures from the manufacturers were always higher for the four specimens where 
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this value was reported.  For the three geotextiles where the MARV value was provided, one of 
the three fell below this lower limit.   
 
Table 4.8 – Comparison of 100%/min strain rate Mullen burst prediction to data provided by 
manufacturer 
GT-1 GT-2 GT-3 GT-4 GT-5 
DATA FROM REPRESENTATIVE 100%/min STRAIN RATE TESTS 
Break Pressure (kPa) 347 443 199 331 266 
Ultimate Strain (%) 13.7 10.6 15.0 17.4 13.0 
Break Stress (MPa) 203 181 208 203 185 
PREDICTED MULLEN BURST DATA (CALCULATED) 
Mullen Deflection (mm) 7.2 6.3 7.5 8.1 7.0 
Predicted Mullen Burst Pressure (kPa) 5399 6897 3095 5157 4142 
DATA FROM MANUFACTURER 
Typical Mullen burst strength (kPa) 
(ASTM D 3786) 5515 8273 5167  5167 
MARV Mullen burst strength (kPa) 
(ASTM D 3786)   3170 4650 4478 
 
 
4.3  UNIAXIAL TESTS 
 
Uniaxial tests were complete on GT-1 through GT-7 according to ASTM D 4595-05.  
The system that was used to complete these tests included: a “smart” clamping system that 
increased the clamping pressure as the test progressed and the use of a video extensometer to 
accurately measure strain throughout the test.  Both of these features are very important in 
representing the true response of the geotextile. If the clamping surface is rough and abrasive, 
stress concentrations can exist at the clamped edge, causing the material to fail prematurely.  The 
use of an extensometer improves the accuracy of measuring strain because it is a direct measure 
of the change length of the specimen (or a section of the specimen).  If cross-head movement only 
is used to calculate strain, any slippage that occurs manifests in greater strain readings than the 
strain that has actually occurred. 
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4.3.1  STRESS (LINEAR) VS. STRAIN RESPONSE 
 
The typical unit for stress in a wide-width uniaxial test is in units of force per unit length 
and calculated according to Eq. (2.10).   This equation implies a constant thickness approach to 
interpreting the data.  The representative data from the uniaxial tests are shown in Fig. 4.38 
through Fig. 4.41.   
 
 
Fig. 4.38 – Representative stress (kN/m) vs. strain uniaxial test results for the MD direction for GT-1 
through GT-7 at 1%/min strain rate 
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Fig. 4.39 – Representative stress (kN/m) vs. strain uniaxial test results for the XD direction for GT-1 
through GT-7 at 1%/min strain rate 
 
 
Fig. 4.40 – Representative stress (kN/m) vs. strain uniaxial test results for the MD direction for GT-1 
through GT-7 at 10%/min strain rate 
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Fig. 4.41 – Representative stress (kN/m) vs. strain uniaxial test results for the XD direction for GT-1 
through GT-7 at 10%/min strain rate 
 
4.3.1.1 REPEATABILITY 
 
The repeatability of the uniaxial tests was assessed for three of the geotextiles (GT-1, 
GT-3, and GT-6); only these three were considered because these are the only geotextiles that 
have multiple trials.  For each of these geotextiles, three tests at each of the strain rates (1%/min 
and 10%/min) and in each direction (MD/XD) were completed.  All of these tests were completed 
on a 200 mm (8 in) wide sample.  The variability in force-strain response of the geotextiles can be 
seen on Fig. 4.42, Fig. 4.43, and Fig. 4.44.  
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Fig. 4.42 – Results from uniaxial tests for GT-1 MD and XD completed at (a) 1%/min strain rate and 
(b) 10%/min strain rate 
 
 
Fig. 4.43 – Results from uniaxial tests for GT-3 MD and XD completed at (a) 1%/min strain rate and 
(b) 10%/min strain rate 
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Fig. 4.44 – Results from uniaxial tests for GT-6 MD and XD completed at (a) 1%/min strain rate and 
(b) 10%/min strain rate 
 
 The repeatability of the uniaxial tests was also analyzed in terms of the average ultimate 
stress, range of ultimate stress (maximum and minimum), and COV values.  This data can be 
found in Table 4.9 and Table 4.10 for the 1%/min and 10%/min strain rate tests, respectively. 
 
Table 4.9 – Summary of ultimate stress (kN/m) data from 1%/min strain rate uniaxial tests 
1%/min Strain Rate GT-1 MD 
GT-1 
XD 
GT-3 
MD 
GT-3 
XD 
GT-6 
MD 
GT-6 
XD 
Average Ultimate Stress (kN/m) 53.8 45.5 26.2 27.7 75.4 88.3 
Representative Ultimate Stress 
(kN/m) 54.0 45.2 27.1 27.5 85.4 88.7 
Minimum Ultimate Stress (kN/m) 53.2 45.2 24.8 27.5 56.6 86.3 
Maximum Ultimate Stress (kN/m) 54.1 46.0 27.1 27.9 85.4 90.1 
Standard Deviation (kN/m) 0.5 0.4 1.2 0.2 16.2 1.9 
COV 0.01 0.01 0.05 0.01 0.22 0.02 
Number of Tests, n 3 3 3 3 3 3 
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Table 4.10 – Summary of ultimate stress (kN/m) data from 10%/min strain rate uniaxial tests 
10%/min Strain Rate GT-1 MD 
GT-1 
XD 
GT-3 
MD 
GT-3 
XD 
GT-6 
MD 
GT-6 
XD 
Average Ultimate Stress (kN/m) 56.4 46.6 28.7 29.2 81.0 87.5 
Representative Ultimate Stress 
(kN/m) 55.8 46.8 28.2 29.1 91.4 90.9 
Minimum Ultimate Stress (kN/m) 55.3 45.2 28.2 29.1 66.1 82.0 
Maximum Ultimate Stress (kN/m) 58.0 47.9 29.1 29.4 91.4 90.9 
Standard Deviation (kN/m) 1.4 1.3 0.5 0.2 13.2 4.8 
COV 0.03 0.03 0.02 0.01 0.16 0.05 
Number of Tests, n 3 3 3 3 3 3 
 
 
4.3.1.2 COMPARISON TO MANUFACTURERS’ DATA 
 
The manufacturer for each of the geotextiles tested provided technical data sheets, 
whereby either the typical or MARV values are provided for selected properties.  In regards to the 
wide-width test (ASTM D 4595-05), the stress at 2% strain, the stress at 5% strain, the stress at 
10% strain, the ultimate stress, and the ultimate strain are normally provided in either MARV or 
typical values.  ASTM D 4595-05 specifies the 10%/min strain rate, so the experimental 
representative values from the 10%/min strain rate tests were compared to the manufacturer-
provided data.  This comparison can be found in Table 4.11 and Table 4.12. 
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Table 4.11 – Comparison of representative experimental data to manufacturer-provided data (GT-1 
through GT-4) 
 
GT-1 
MD 
GT-1 
XD 
GT-2 
MD 
GT-2 
XD 
GT-3 
MD 
GT-3 
XD 
GT-4 
MD 
GT-4 
XD 
Stress @ 2% Strain (kN/m) 10.2 11.8 21.3 24.7 4.7 8.6 1.8 15.3 
% Deviation from MANU. 
Stress @ 5% Strain (kN/m) 25.5 28.2 54.0 51.5 11.9 18.9 9.0 33.7 
% Deviation from MANU. 
Stress @ 10% Strain (kN/m) 51.1 22.0 25.5 59.4 
% Deviation from MANU. 
Ultimate Stress (kN/m) 55.8 46.8 91.8 73.6 28.2 29.1 38.7 62.1 
% Deviation from MANU. -6.3 -1.1 4.8 -15.9 -1.2 45.9 
Ultimate Strain (%) 11.2 8.9 9.0 8.2 17.8 8.8 17.5 11.2 
Manufacturer WW Elongation     
9  
(MARV) 
7 
(MARV) 
23 
(TYP) 
13 
(TYP) 
 
Table 4.12 – Comparison of representative experimental data to manufacturer-provided data (GT-5 
through GT-7) 
 
GT-5 
MD 
GT-5 
XD 
GT-6 
MD 
GT-6 
XD 
GT-7 
MD 
GT-7 
XD 
Stress @ 2% Strain (kN/m) 8.3 10.9 5.6 16.4 17.8 4.4 
% Deviation from MANU. -8.8 -5.6 
Stress @ 5% Strain (kN/m) 19.5 26.2 20.8 37.3 44.7 8.9 
% Deviation from MANU. -5.5 7.5 -12.1 -12.5 
Stress @ 10% Strain (kN/m) 37.1 47.9 70.8 88.2 
% Deviation from MANU. -1.9 13.5 7.7 4.4 
Ultimate Stress (kN/m) 40.2 49.2 91.4 90.9 88.6 10.2 
% Deviation from MANU. -2.7 16.0 6.5 1.4 8.5 34.9 
Ultimate Strain (%) 12.1 11.0 12.6 11.0 8.7 6.8 
Manufacturer WW Elongation     
9 
(TYP) 
10 
(TYP) 
 
 
4.3.2  TRUE STRESS (teq and teq, dir) VS. STRAIN RESPONSE 
 
There are two constant-volume approaches that were considered in processing the 
uniaxial data into units of true stress (i.e., force per unit area values).  One approach utilizes 
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equivalent thickness, teq, and the other utilizes equivalent directional thickness, teq,dir.  Both 
approaches account for the Poisson’s effect during the test ; the parameter that is different is what 
is considered to be the original thickness, to.  Eq. (2.9) provides the equation for true stress during 
a uniaxial test: 
ߪ ൌ
ܨ
݋ܹݐ݋
ሺͳ ൅ ߝܽሻ (2.9) 
The equivalent thickness, teq, takes into account the total amount of material present, 
including the fibers that are transverse to those being pulled uniaxially.  Thus, the stress 
calculated with this approach is always lower than when using the directional thickness approach.  
For the equivalent directional thickness (teq,dir) interpretation for true stress, only the fibers being 
pulled by the clamps are taken into account when determining the cross sectional area of the 
specimen.  For example, if the geotextile under consideration had an equal weight of MD and XD 
fibers, teq,dir would be half of the value for teq.  As a result, the true stress for the teq,dir 
interpretation would be twice the value of the teq interpretation at a given strain. 
The data from the uniaxial tests processed according to these two interpretations are 
presented in Fig. 4.45 through Fig. 4.48.  In the equivalent directional thickness plots [(b) in each 
figure], there is much better alignment between the polypropylene geotextiles.   There exists a 
low modulus portion of the stress-strain curve for the GT-4 MD direction.  In the MD plots, the 
only PP material that seems to have a different modulus is the GT-2 geotextile.  The 
polypropylene XD fibers align nicely, and it should be noted that they are fibrillated fibers for 
GT-1 through GT-5.  The machine direction GT-6 data is missing the characteristic polyester 
inflection point (“bump”) in stress-strain curve.   
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Fig. 4.45 – Representative experimental data for uniaxial tests at 1%/min strain rate on GT-1 
through GT-7 MD direction using (a) teq and (b) teq,dir thickness to calculate true stress. 
 
 
Fig. 4.46 – Representative experimental data for uniaxial tests at 1%/min strain rate on GT-1 
through GT-7 XD direction using (a) teq and (b) teq,dir thickness to calculate true stress. 
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Fig. 4.47 – Representative experimental data for uniaxial tests at 10%/min strain rate on GT-1 
through GT-7 MD direction using (a) teq and (b) teq,dir thickness to calculate true stress. 
 
 
Fig. 4.48 – Representative experimental data for uniaxial tests at 10%/min strain rate on GT-1 
through GT-7 XD direction using (a) teq and (b) teq,dir thickness to calculate true stress. 
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4.4  COMPARISON BETWEEN MULTI-AXIAL AND UNIAXIAL TESTS 
 
4.4.1  CONSTANT THICKNESS INTERPRETATION 
 
4.4.1.1  CONSTITUTIVE RESPONSE  
 
The following plots (Fig. 4.49 through Fig. 4.55) compare the multi-axial data 
(interpreted per Giroud et al. (1990), thus ignoring thickness) [Section 4.2.5] and the uniaxial 
experimental data [Section 4.3.1].  The data is broken into plots by geotextile number and strain 
rate.  The modulus from the uniaxial tests is consistently higher than the data reported from the 
multi-axial test results, except for GT-4 and GT-6, where the multi-axial data falls between the 
MD and XD response.  The proceeding sections include a detailed analysis between secant 
modulus values, and the ultimate stress and strain. 
 
 
Fig. 4.49 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation) vs. 
strain response for GT-1 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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Fig. 4.50 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation)  vs. 
strain response for GT-2 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.51 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation)  vs. 
strain response for GT-3 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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Fig. 4.52 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation) vs. 
strain response for GT-4 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.53 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation) vs. 
strain response for GT-5 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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Fig. 4.54 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation) vs. 
strain response for GT-6 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.55 – Comparison of multi-axial and uniaxial stress (constant thickness interpretation) vs. 
strain response for GT-7 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
4.4.1.2  SECANT MODULUS COMPARISON  
 
The input parameters for many finite element programs and design methods that include 
geosynthetic reinforcement include the modulus or stiffness of the geosynthetic reinforcement.  
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For the constant thickness interpretation for both of these tests (i.e., stress calculated according to 
Eq. (2.10) for the uniaxial test and Eqs. (2.19) or  (2.24) for the multi-axial test), the ratio of the 
multi-axial secant modulus divided by the uniaxial secant modulus is presented in Table 4.13 and 
Table 4.14 for the 1%/min and 10%/min strain rate tests, respectively.  The cells that are deeper 
blue show instances where the multi-axial secant modulus is higher than the corresponding 
uniaxial direction secant modulus, and the cells that are deep red indicate instances where the 
multi-axial secant modulus is much lower than the corresponding uniaxial secant modulus.  Most 
of the ratios indicate that the constant-thickness secant modulus values for the multi-axial test are 
lower than their corresponding uniaxial test. 
 
Table 4.13 – Ratio of multi-axial compared to uniaxial MD/XD secant modulus for the constant 
thickness interpretation of stress at 2%, 5%, and 10% strain for the 1%/min strain rate tests 
Ratio of Multi-axial/ Uniaxial  
1%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
GT-1 MD 0.76 0.72 0.69 
GT-1 XD 0.59 0.60 0.65 
GT-2 MD 0.70 0.61 0.62 
GT-2 XD 0.60 0.62 
GT-3 MD 0.78 0.82 0.85 
GT-3 XD 0.41 0.49 
GT-4 MD 2.60 1.43 1.16 
GT-4 XD 0.44 0.46 0.49 
GT-5 MD 0.93 0.83 0.81 
GT-5 XD 0.65 0.63 0.63 
GT-6 MD 1.82 1.07 0.71 
GT-6 XD 0.61 0.60 0.59 
GT-7 MD 0.46 0.37 
GT-7 XD 2.24 2.51 
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Table 4.14 – Ratio of multi-axial compared to uniaxial MD/XD secant modulus for the constant 
thickness interpretation of stress at 2%, 5%, and 10% strain for the 10%/min strain rate tests 
Ratio of Multi-axial/ Uniaxial 
10%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
GT-1 MD 0.84 0.76 0.72 
GT-1 XD 0.72 0.69 
GT-2 MD 0.87 0.70 
GT-2 XD 0.75 0.73 
GT-3 MD 0.94 0.88 0.90 
GT-3 XD 0.51 0.56 
GT-4 MD 3.80 1.76 1.20 
GT-4 XD 0.45 0.47 0.52 
GT-5 MD 0.99 0.87 0.85 
GT-5 XD 0.75 0.65 0.66 
GT-6 MD 1.60 0.98 0.70 
GT-6 XD 0.55 0.55 0.56 
GT-7 MD 0.46 0.41 
GT-7 XD 1.87 2.05 
 
The data in Table 4.14 and Table 4.15 is shown graphically in Fig. 4.56 and Fig.4. 57.  The fact 
that most of the ratios are between 0.5 and 1 for both strain rates is clearly visible on these plots. 
 
 
Fig. 4.56 – Ratio of multi-axial secant modulus divided by uniaxial secant modulus vs. strain for the 
1%/min strain rate tests (constant thickness interpretation of stress)   
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Fig.4. 57 – Ratio of multi-axial secant modulus divided by uniaxial secant modulus vs. strain for the 
10%/min strain rate tests (constant thickness interpretation of stress) 
 
 
4.4.1.3  ULTIMATE STRESS AND ULTIMATE STRAIN COMPARISON  
 
The ultimate stress and ultimate strain are compared between the multi-axial and uniaxial 
tests and these ratios are shown in Table 4.15.  The ultimate stress values are generally 0-25% 
less in multi-axial tension; thus, most of the ratios shown are less than 1.  The significantly 
“anisotropic” geotextile, GT-7, does not fit this generalization.  GT-7 MD is significantly low in 
both strain rates, while GT-7 XD is significantly high for both strain rates.  Additionally, in the 
1%/min and 10%/min strain rate tests, the GT-4 MD does not follow this general trend and plots 
above the 1:1 line in Fig. 4.58.  The 10%/min strain rate tests almost always have a ratio closer to 
1 than do the 1%/min strain rate tests. 
In the comparison of ultimate strain, the ratio varies from 0.93 – 1.97.   However, it is 
useful to extract the lower value of ultimate strain from the MD or XD direction.  These are 
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bolded in Table 4.15.  The smaller ratio is always in the MD direction, indicating the strain at 
failure in the multi-axial is most similar to the strain at failure in the MD uniaxial test (for the 
specific geotextiles in this study).  This ratio of ultimate strain values is still almost always 
greater than 1, indicating that the ultimate strain in a multi-axial test is higher than the ultimate 
strain predicted by the uniaxial tests.  The data for the ultimate strain ratios are plotted in Fig. 
4.59. 
 
Table 4.15 – Ratio of multi-axial compared to uniaxial MD/XD ultimate stress (constant thickness 
interpretation) and ultimate strain values for the 1%/min and 10%/min strain rate tests 
Ultimate Stress Ratio Ultimate Strain Ratio 
1%/min SR 10%/min SR 1%/min SR 10%/min SR 
GT-1 MD 0.82 0.85 1.42 1.29 
GT-1 XD 0.98 1.01 1.80 1.62 
GT-2 MD 0.74 0.77 1.31 1.25 
GT-2 XD 0.87 0.96 1.40 1.38 
GT-3 MD 0.89 0.99 0.93 0.98 
GT-3 XD 0.88 0.97 1.98 1.97 
GT-4 MD 1.22 1.17 1.38 1.06 
GT-4 XD 0.68 0.73 1.71 1.66 
GT-5 MD 0.96 0.98 1.28 1.15 
GT-5 XD 0.77 0.80 1.43 1.26 
GT-6 MD 0.78 0.76 1.23 1.22 
GT-6 XD 0.75 0.77 1.35 1.39 
GT-7 MD 0.40 0.42 1.11 1.09 
GT-7 XD 3.57 3.64 1.17 1.40 
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Fig. 4.58 – Ratio of multi-axial ultimate stress divided by uniaxial ultimate stress (constant thickness 
interpretation) for both MD and XD directions for the 1% and 10%/min strain rate tests   
 
 
Fig. 4.59 – Ratio of multi-axial ultimate strain divided by uniaxial ultimate strain for both MD and 
XD directions for the 1% and 10%/min strain rate tests   
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4.4.1.4  PRESSURE - DEFLECTION PREDICTIONS  
 
The following figures (Fig. 4.60 through Fig. 4.66) compare the actual results from the 
multi-axial test data (a true performance test) to the expected multi-axial response based on the 
uniaxial response per Giroud et al. (1990), and uses the constant thickness interpretation.  The 
predicted multi-axial response shown is based on the stress-strain behavior of the geotextile in 
uniaxial tension for the MD and XD directions, which is taken to be α at a given strain.  The 
strain was used to back-calculate deflection according to Eq. (2.18), and then the deflection and α 
were used to solve for pressure according to Eq. (2.24).  With the exception of the GT-4 MD 
tests, the multi-axial test consistently provides higher deflection values than those that are 
predicted by the uniaxial tests throughout the range of pressures up to failure for GT-1 through 
GT-5.  For GT-6, the actual multi-axial response is less than the MD predicted response up to 100 
kPa (Fig. 4.65), after which, the actual multi-axial test indicates greater deflections.    
Giroud et al. (1990) suggests a procedure to account for “anisotropic” geotextiles in the 
multi-axial response prediction.  These anisotropic geotextiles have very different strengths in the 
MD and XD directions.   If the ratio between the geosynthetic tension at the design strain in the 
weak and strong directions is more than 0.5, the tension in the geosynthetic (force per unit area), 
α, should be taken equal to the tension in the weak direction at the given strain.  If the ratio 
between the geosynthetic tension at the design strain in the weak and strong directions is less than 
0.5, α should be taken equal to half the tension in the strong direction.  Both of these approaches 
will still under predict deflections at a given pressure. 
After examining the relationship between stress and strain for the MD and XD directions 
for GT-7 (i.e., from Fig. 4.40 and Fig. 4.41), the ratio between the weak and strong directions for 
GT-7 was found to be less than 0.5 at all strains.  Therefore, a prediction that uses α = 0.5 αstrong is 
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shown on Fig. 4.66.  The actual multi-axial response plots in between the 0.5 αstrong prediction 
(which uses the MD data) and the weaker XD direction prediction. 
 
 
Fig. 4.60 – Deflection predictions vs. pressure for GT-1 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
 
 
Fig. 4.61 – Deflection predictions vs. pressure for GT-2 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
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Fig. 4.62 – Deflection predictions vs. pressure for GT-3 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
 
 
Fig. 4.63 – Deflection predictions vs. pressure for GT-4 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
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Fig. 4.64 – Deflection predictions vs. pressure for GT-5 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
 
 
Fig. 4.65 – Deflection predictions vs. pressure for GT-6 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate 
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Fig. 4.66 – Deflection predictions vs. pressure for GT-7 using the uniaxial test data (constant 
thickness interpretation) compared to actual multi-axial results for the (a) 1%/min strain rate and 
(b) 10%/min strain rate.  A deflection vs. pressure prediction is also provided for 0.5 multiplied by 
the MD response (stronger direction) per Giroud et al. (1990) 
 
4.4.2  CONSTANT VOLUME INTERPRETATION 
 
4.4.2.1  CONSTITUTIVE RESPONSE  
 
The constant volume interpretation of stress utilizes Eq. (2.9) and Eq. (3.8) in the uniaxial 
and multi-axial tests, respectively.   These equations account for the decrease in area (the 
Poisson’s effect) of the specimen during testing.  The data was discussed in detail in Section 4.2.4 
and Section 4.3.2.  Fig. 4.67 through Fig. 4.73 show the variation between the multi-axial and 
uniaxial response according to the constant volume assumption and are broken into plots by 
geotextile number and strain rate.   
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Fig. 4.67 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-1 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.68 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-2 at (a) 1%/min strain rate and (b) 10%/min strain rate 
112 
 
Fig. 4.69 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-3 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.70 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-4 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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Fig. 4.71 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-5 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 4.72 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-6 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
114 
 
Fig. 4.73 – Comparison of multi-axial and uniaxial stress (constant volume interpretation) vs. strain 
response for GT-7 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
4.4.2.2  SECANT MODULUS COMPARISON 
 
The secant modulus of the multi-axial and uniaxial response using the constant volume 
assumption is compared as a ratio and provided in Table 4.16 and Table 4.17, and shown 
graphically in Fig. 4.74 and Fig. 4.75.   
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Table 4.16 - Ratio of multi-axial compared to uniaxial MD/XD secant modulus for the constant 
volume interpretation of stress at 2%, 5%, and 10% strain for the 1%/min strain rate tests 
Ratio of Multi-axial/ Uniaxial 
1%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
GT-1 MD 0.77 0.73 0.72 
GT-1 XD 0.60 0.62 0.68 
GT-2 MD 0.70 0.62 0.65 
GT-2 XD 0.61 0.64 
GT-3 MD 0.79 0.84 0.89 
GT-3 XD 0.41 0.50 
GT-4 MD 2.63 1.47 1.21 
GT-4 XD 0.44 0.47 0.51 
GT-5 MD 0.94 0.86 0.85 
GT-5 XD 0.65 0.65 0.66 
GT-6 MD 1.84 1.10 0.74 
GT-6 XD 0.61 0.62 0.62 
GT-7 MD 0.47 0.38 
GT-7 XD 2.26 2.58 
 
Table 4.17 – Ratio of multi-axial compared to uniaxial MD/XD secant modulus for the constant 
volume interpretation of stress at 2%, 5%, and 10% strain for the 10%/min strain rate tests 
Ratio of Multi-axial/ Uniaxial 
10%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
GT-1 MD 0.85 0.78 0.76 
GT-1 XD 0.73 0.71 
GT-2 MD 0.87 0.71 
GT-2 XD 0.76 0.75 
GT-3 MD 0.95 0.90 0.95 
GT-3 XD 0.52 0.57 
GT-4 MD 3.84 1.80 1.26 
GT-4 XD 0.45 0.49 0.54 
GT-5 MD 1.00 0.89 0.89 
GT-5 XD 0.76 0.66 0.69 
GT-6 MD 1.62 1.01 0.74 
GT-6 XD 0.55 0.56 0.59 
GT-7 MD 0.46 0.42 
GT-7 XD 1.88 2.10 
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Fig. 4.74 – Ratio of multi-axial secant modulus divided by uniaxial secant modulus vs. strain for the 
1%/min strain rate tests (constant volume interpretation of stress)  
 
 
Fig. 4.75 – Ratio of multi-axial secant modulus divided by uniaxial secant modulus vs. strain for the 
10%/min strain rate tests (constant volume interpretation of stress) 
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4.4.2.3  ULTIMATE STRESS AND ULTIMATE STRAIN COMPARISON 
 
The ratio of ultimate stress in the multi-axial test versus geotextile type is shown 
in Fig. 4.76, and the actual values can be found in Table 4.18.  The ratios for this method 
of interpreting stress are closer to 1, indicating that the ultimate stresses are similar 
between the two tests.  The ultimate strain ratio does not change because the 
interpretation used for strain did not change. 
 
Table 4.18 – Ratio of multi-axial compared to uniaxial MD/XD ultimate stress (constant volume 
interpretation) for the 1%/min and 10%/min strain rate tests 
Ultimate Stress Ratio 
1%/min SR 10%/min SR 
GT-1 MD 0.94 0.93 
GT-1 XD 1.15 1.13 
GT-2 MD 0.80 0.82 
GT-2 XD 0.96 1.03 
GT-3 MD 0.95 1.09 
GT-3 XD 1.04 1.13 
GT-4 MD 1.41 1.28 
GT-4 XD 0.80 0.85 
GT-5 MD 1.06 1.06 
GT-5 XD 0.87 0.87 
GT-6 MD 0.86 0.84 
GT-6 XD 0.83 0.86 
GT-7 MD 0.42 0.44 
GT-7 XD 3.78 3.90 
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Fig. 4.76 – Ratio of multi-axial ultimate stress divided by uniaxial ultimate stress (constant volume 
interpretation) for both MD and XD directions for the 1% and 10%/min strain rate tests.   
 
4.4.3  EFFECT OF STRESS INTERPRETATION ON CONSTITUTIVE 
BEHAVIOR COMPARISON 
 
The ratios that were found in the preceding sections are compared in Table 4.19 and 
Table 4.20.  It can be seen that the change in ratio always increases; that is, the constant volume 
interpretation provides a higher ratio of multi-axial stress divided by uniaxial stress at 2%, 5%, 
and 10% strain, as well as at the ultimate stress.  Another way of considering this data is that the 
constant volume stress interpretation provides smaller deviations between the uniaxial and multi-
axial constitutive response of the geotextiles.  This finding supports the discussion in Section 
3.6.1.  Geosynthetics behave more similar to materials with a constant-volume rather than those 
that maintain a given thickness. 
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Table 4.19 – The change in the multi-axial/uniaxial ratio for secant modulii and ultimate stress when 
considering the constant volume assumption rather than the constant thickness assumption for the 
1%/min strain rate tests 
 
Change in Multi-axial/Uniaxial Ratio 
(Constant Volume Interpretation – Constant Thickness Interpretation) 
1%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
Ultimate 
Stress 
GT-1 MD 0.01 0.02 0.03 0.12 
GT-1 XD 0.01 0.02 0.03 0.17 
GT-2 MD 0.01 0.02 0.03 0.07 
GT-2 XD 0.01 0.02 0.08 
GT-3 MD 0.01 0.02 0.04 0.07 
GT-3 XD 0.00 0.01 0.16 
GT-4 MD 0.03 0.04 0.06 0.18 
GT-4 XD 0.01 0.01 0.02 0.12 
GT-5 MD 0.01 0.02 0.04 0.10 
GT-5 XD 0.01 0.02 0.03 0.10 
GT-6 MD 0.02 0.03 0.04 0.08 
GT-6 XD 0.01 0.01 0.03 0.08 
GT-7 MD 0.00 0.01 0.02 
GT-7 XD 0.02 0.06 0.21 
 
Table 4.20 – The change in the multi-axial/uniaxial ratio for secant modulii and ultimate stress when 
considering the constant volume assumption rather than the constant thickness assumption for the 
10%/min strain rate tests 
 
Change in Multi-axial/Uniaxial Ratio 
(Constant Volume Interpretation – Constant Thickness Interpretation) 
10%/min Strain 
Rate 
2% Secant 
Modulus 
5% Secant 
Modulus 
10% Secant 
Modulus 
Ultimate 
Stress 
GT-1 MD 0.01 0.02 0.04 0.08 
GT-1 XD 0.01 0.02 0.12 
GT-2 MD 0.01 0.02 0.06 
GT-2 XD 0.01 0.02 0.08 
GT-3 MD 0.01 0.02 0.04 0.10 
GT-3 XD 0.01 0.01 0.16 
GT-4 MD 0.04 0.04 0.06 0.11 
GT-4 XD 0.00 0.01 0.03 0.11 
GT-5 MD 0.01 0.02 0.04 0.08 
GT-5 XD 0.01 0.02 0.03 0.07 
GT-6 MD 0.02 0.02 0.03 0.08 
GT-6 XD 0.01 0.01 0.03 0.09 
GT-7 MD 0.00 0.01 0.02 
GT-7 XD 0.02 0.05 0.26 
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4.4.4  FAILURE MODES 
 
The woven polypropylene geotextiles considered for this study (GT-1 through GT-5) fail 
in a progressive manner in a multi-axial test.  There were fibers that visibly and audibly broke 
before the specimen experienced catastrophic failure.  The fibers that failed first were the MD 
fibers, which have lower ultimate strain values than the XD counterpart when tested in uniaxial 
tension for GT-1 through GT-5.   
When testing the polyester fabric, GT-6, the clamps had to be tightened as the specimen 
approached failure to prevent slippage within the clamped width.  This process may have caused 
slight stress concentrations to form at the locations where the clamps were tightened.  This 
geotextile provided no warning of failure.  The PP/PET geotextile, GT-7, also did not provide an 
indication of impending failure. 
 A good multi-axial test will have a square-patterned failure zone which can be seen after 
it is removed from the testing setup, as shown in Fig. 4.77.  This zone occurs because the 
individual fibers break as they reach their capacity (and break strain).  The fibers that fail first 
should be the longitudinal fibers (fibers that cross through the centerpoint of the specimen) that 
have the lowest ultimate strain.  In the PP geotextiles, these are the MD fibers.  As the 
longitudinal fibers break and no longer contribute to resisting the out of plane loading (the 
internal pressure), a redistribution of the load in the remaining fibers must occur.  The fibers that 
are adjacent to the longitudinal fibers are at the next highest strain, and so failure will progress 
outward towards the clamp.  In some cases, particularly for GT-2, the center portion of the MD 
fibers will fail completely, but the specimen will not fail catastrophically because the XD fibers 
are still intact.  After a small amount of additional loading, the XD fibers will also rupture. 
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Fig. 4.77 – Typical failed specimen after it has been removed from the clamping system 
 
 The PP/PET geotextile, GT-7, provides little warning of failure.  The PP fibers are in the 
XD direction and will fail first.  This type of failure tends to occur in a “zipping” pattern, 
whereby the PP fibers all break in the vicinity of the same MD PET fibers.  Although these tests 
were stopped after the XD fibers had ruptured, it should be noted that none of the PET fibers in 
GT-7 ruptured at the indicated failure point.  A representative specimen after failure for each 
geotextile in this study is shown in Fig. 4.78. 
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Fig. 4.78 – Representative failure zones for each geotextile in this study 
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 Ideally, all of the fibers in a uniaxial test are at approximately the same strain level 
throughout the test.  The fibers should all be on the verge of failure around the same point, and as 
soon as the first fiber fails and the load is redistributed, failure of the other fibers should progress 
rapidly.  A proper uniaxial test will exhibit failure within the center region of the specimen, away 
from the clamps. 
 
4.5  INFLUENCE ON APPLICATIONS/DESIGN 
 
4.5.1  REINFORCEMENT PROPERTIES 
 
The results of the deflection predictions discussed in Section 4.4.1.4 show the 
discrepancies that can occur when using the uniaxial constant thickness constitutive response of 
the geotextiles to predict multi-axial deflection at a given pressure.  The deviations between the 
predicted deflection and the actual deflection increases as strain increases, with the greatest 
difference occurring at failure strains.  The deflection at break and the predicted deflection at 
break can be related to the comparison of ultimate strain in Section 4.4.1.3.  The ultimate strain in 
the multi-axial was consistently higher than the ultimate strain in the uniaxial tests. 
However, the comparison of ultimate stress calculated using the constant volume 
assumption indicated that ultimate stress in both tests were comparable (i.e., the ratios were close 
to unity).  Therefore, the results of this testing and analyses indicate that the stiffness of a 
geotextile in multi-axial tension is less than the stiffness that is predicted from uniaxial testing; 
however, the ultimate strength of the geotextile does not change appreciably. 
In many of the analytical design methods that account for out of plane loading of 
geosynthetics, modulus and allowable strain are often input or design parameters.  By utilizing a 
124 
stiffness that has been evaluated using the uniaxial tension test and by using the constant 
thickness interpretation for stress, these design methods will underpredict the actual geosynthetic 
deflections.  This is an unconservative strain-specified design approach.   Conversely, the 
ultimate strains in the multi-axial test are higher than those that occur in the uniaxial test.  This 
suggests that the allowable strain criteria may be extended if it was set based upon the response of 
the geosynthetic (a material limitation) and not a serviceability limitation. 
 
4.5.2  STRAIN RATE EFFECTS  
 
Because of the visco-elastic nature of polymer materials, there are significant strain rate 
differences that can be seen in the constitutive behavior of the geotextiles.  The current study 
described made comparisons of the uniaxial and multi-axial response of these materials at similar 
strain rates: 1%/min and 10%/min. 
Logarithmic regression curves are fit to the true stress values at 2%, 5%, 10%, and 
ultimate stress for the five polypropylene geotextiles in multi-axial tension.  These are models are 
shown in Fig. 7.79 through Fig. 4.82.   
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Fig. 7.79 – Logarithmic regression to estimate stress for a polypropylene geotextile (constant volume 
interpretation) at 2% strain as a function of strain rate 
 
 
Fig. 7.80 – Logarithmic regression to estimate stress for a polypropylene geotextile (constant volume 
interpretation) at 5% strain as a function of strain rate 
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Fig. 4.81 – Logarithmic regression to estimate stress for a polypropylene geotextile (constant volume 
interpretation) at 10% strain as a function of strain rate 
 
 
Fig. 4.82 – Logarithmic regression to estimate ultimate stress for a polypropylene geotextile (constant 
volume interpretation) as a function of strain rate 
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CHAPTER 5. GEOTEXTILE MICRO-RESPONSE 
 
This chapter contains a discussion of the micro-response of geotextiles in tension 
compared to its macro-response in uniaxial and multi-axial tension.  The chapter aims to describe 
the phenomenon occurring at the fiber-level that contributes to the uniaxial and multi-axial 
constitutive response of the geotextile.  The first section of this chapter describes tension testing 
completed on individual fibers taken from the geotextiles tested in this research.  The second 
section contains a more in depth discussion of the results from the photogrammetry testing that 
was undertaken.  The third section describes the summation model that was used to predict 
pressure response. 
 
5.1  FIBER TEST RESULTS 
 
Individual fibers were pulled from deconstructed specimens of GT-1, GT-3, and GT-6 to 
test as single-fiber uniaxial tests.  These tests were completed using an Instron constant rate of 
extension machine [as shown in Fig. 5.1 (a)].  The tests were carried out at the same strain rates 
as the uniaxial testing (1%/min and 10%/min) and utilized approximately the same sized 
specimens (gauge length = 4 inch).  Also, the specimen ends were covered with masking tape to 
enable better handling of the fibers, and to minimize stress concentrations at the grip while acting 
as a gripping agent.  This configuration can be seen in Fig. 5.1(b).   
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Fig. 5.1 – Photographs of (a) fiber testing setup and (b) specimen clamping 
 
 The results from fiber testing on GT-1, GT-3, and GT-6 fibers can be seen in Fig. 5.2, 
Fig. 5.3, and Fig. 5.4, respectively.  This data is in terms of raw values of force vs. displacement.  
Displacement of the crosshead was used in the calculation of strain.  The data can be seen to have 
slightly more variability in the MD compared to the XD direction for GT-1 and GT-3.  Tests 
where the fiber broke at either end near the clamp were discarded.  Because of time constraints, 
there were significantly less 1%/minute  strain rate tests completed.  The sawtooth response that 
is seen in the XD direction fibers for GT-1 and GT-3 is related to the fibrillated state of the fibers.   
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Fig. 5.2 – Force vs. displacement curves for GT-1 at a strain rate of (a) 1%/min and (b) 10%/min 
 
 
Fig. 5.3 – Force vs. displacement curves for GT-3 at a strain rate of (a) 1%/min and (b) 10%/min 
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Fig. 5.4 – Force vs. displacement curves for GT-6 at a strain rate of (a) 1%/min and (b) 10%/min 
 
5.1.1  FORCE VS. STRAIN RESULTS COMPARED TO UNIAXIAL RESULTS 
 
The first step in the process of relating the fiber micro-response to the global geotextile 
response is to compare the individual fiber tests to the uniaxial tests.  A representative fiber test 
was chosen as the plot that was closest to the median response of the sample set.   The following 
plots show the representative results from the uniaxial tests (force vs. strain) as well as the 
predicted uniaxial response from the fiber tests (Fig. 5.5 through Fig. 5.7).  In order to calculate 
the predicted uniaxial response from the fiber tests, the fiber test results were multiplied by the 
average number of fibers in a 200 mm (8 inch) wide specimen.   
Most of these figures show good alignment up to 2-4% strain, after which point actual 
uniaxial response is greater than the predicted response from the fiber tests.  Also, the ultimate 
strain is always higher in the predicted uniaxial response from the fiber tests.  The ultimate force 
is higher in the uniaxial response predicted from the fiber testing.   
The differences that can be seen in these results can be attributed to two factors: 1) in the 
actual uniaxial tests, there exist transverse fibers that hinder the “uncrimping” of the fibers being 
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pulled, and 2) strain in the fiber testing was calculated using crosshead extension instead of an 
extensometer.  It is thought that the lowered force in an actual uniaxial test may be an effect of 
the first factor: increased frictional interaction at the transverse fiber locations may serve to 
decrease the load-carrying capacity of the fibers.    A consequence of the second factor is that the 
reported strains are often greater than the actual strain, and this is speculated to be the cause for 
the softer predicted uniaxial (fiber) response.   
There is a disparity in the shape of the force vs. strain curve for GT-6 MD (Fig. 5.7) that 
is not the case for GT-1 and GT-3.  The actual uniaxial MD tests do not have the characteristic 
PET change in modulus bump.  If this data were translated to the left on the x-axis, there would 
be better alignment between the predicted and actual response for GT-6.  
 
 
Fig. 5.5 – Predicted wide-width uniaxial (from fiber tests) and actual uniaxial tension response in 
terms of force vs. strain for GT-1 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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Fig. 5.6 – Predicted wide-width uniaxial (from fiber tests) and actual uniaxial tension response in 
terms of force vs. strain for GT-3 at (a) 1%/min strain rate and (b) 10%/min strain rate 
 
 
Fig. 5.7 – Predicted wide-width uniaxial (from fiber tests) and actual uniaxial tension response in 
terms of force vs. strain for GT-6 at (a) 1%/min strain rate and (b) 10%/min strain rate 
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5.1.2  STRESS VS. STRAIN RESULTS COMPARED TO UNIAXIAL RESULTS 
 
A second method to compare the data between these two tests is to compare the stress 
(true) vs. strain response.  This analysis is shown in Fig. 5.8, Fig. 5.9, and Fig. 5.10.  For the fiber 
tests, true stress was calculated using the calculated cross sectional area (total mass of fiber/ fiber 
length).  The uniaxial response shown calculates true stress using the directional thickness (teq, dir) 
and the width (200 mm) of the specimen. 
The same observations hold for this comparison as in the previous section.  The two 
curves have good alignment with each other up to approximately 2-4 % strain, after which point 
the uniaxial stress is higher than the fiber stress.   This deviation is considered to be due the 
method of strain measurement (crosshead movement vs. extensometer), which overpredicts 
strains in the fiber testing.  The frictional interactions that occur due to the woven structure of the 
geotextiles may be a factor in the lower ultimate stress values that are reached in the actual 
uniaxial tests. 
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Fig. 5.8 – True stress vs. strain for the fiber and uniaxial (teq, dir) tests for GT-1 at (a) 1%/min strain 
rate and (b) 10%/min strain rate 
 
 
Fig. 5.9 – True stress vs. strain for the fiber and uniaxial (teq, dir) tests for GT-3 at (a) 1%/min strain 
rate and (b) 10%/min strain rate 
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Fig. 5.10 – True stress vs. strain for the fiber and uniaxial (teq, dir) tests for GT-6 at (a) 1%/min strain 
rate and (b) 10%/min strain rate 
 
5.2  PHOTOGRAMMETRY 
 
The system and setup utilized to develop three-dimensional models of the deformed 
specimen is described in detail in Section 3.5.  These 3D coordinates can be used to estimate 
localized strain distributions that exist across the specimen at a given point during the test.   The 
pressure data for these tests is not used; because of stress relaxation and creep of the polymer, the 
pressure generally decreases as the deflection of the geotextile is held constant.  The multi-axial 
test device uses a closed-volume water chamber with a baffle that displaces water to deflect the 
specimen.  During the “hold” periods in the photogrammetry tests, there was minimal variation in 
the centerpoint deflection readings. 
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The specimens that were used in the photogrammetry tests were marked with 
retroreflective targets.  These targets were aligned to capture the longitudinal and radial strain 
during a test, to capture the localized strain of individual MD or XD fibers, or to follow small 2.5 
cm by 2.5 cm squares.  A figure showing the progression of locations of a group of squares 
throughout the test is shown in Fig. 5.11.  The blue squares are the original locations before the 
test began and the red squares at the locations at the given global strain percents.  Details on the 
experimental procedures concerning photogrammetry can be found in Section 3.6.3.   
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Fig. 5.11 – Overlayed square locations determined using photogrammetry at a global strain of (a) 
4.4%, (b) 9.5%, and (c) 19.5% strain 
 
5.2.1  DEVIATION FROM SPHERE 
 
The three-dimensional points from a given photogrammetry model were analyzed using a 
least-squares algorithm that determined the location and size of the best-fit sphere through the 
points.  As mentioned in Section 3.6.1, these deviations from the best-fit sphere were shown to be 
small in comparison to the size of the deflected specimen (R) for the geotextiles that did not 
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exhibit a high degree of anisotropy.  In addition to the GT-3 specimen shown in Fig. 3.11and Fig. 
3.12, models were built for a GM-2 specimen, GT-2 specimen, and a GT-7 specimen and the 
deviations from the best-fit sphere are shown in the figures below.   
The model constructed for GM-2, a 1.0 mm PVC geomembrane, showed that 
geosynthetics considered to be closely isotropic have slight deviations from a perfect sphere.  
Previous researchers (i.e., Bray and Merry, 1999), did not have the benefit of the robust 
photogrammetry programs and high-resolution cameras that currently exist today that enables the 
calculation and visualization of these spatial differences.  The largest deviations from a perfect 
sphere occurred in the case of GT-7, where there was a distinct oblong bulges that formed with 
the shorter axis in the direction of the weaker XD (polypropylene) fibers (see Fig. 5.14).  This is 
certainly a consequence of the major differences in the constitutive behavior of the individual 
fiber directions. 
 
 
Fig. 5.12 – Radial error (in cm) for a GM-2 specimen at approximately (a) 9.1% global strain and (b) 
14.6% global strain 
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Fig. 5.13 – Radial error (in cm) for a GT-2 specimen at approximately (a) 3.8% global strain and (b) 
7.7% global strain 
 
 
Fig. 5.14 – Radial error (in cm) for a GT-7 specimen at approximately (a) 4.6% global  strain and (b) 
9.6% global strain 
 
5.2.2  LOCALIZED STRAINS 
 
The method utilized to calculate localized strain, whether in the longitudinal, radial, or an 
arbitrary direction, was described in Section 3.6.3.  Fig. 5.15 shows the longitudinal strain 
distribution for a PVC geomembrane.  It is interesting to note that the longitudinal distribution of 
strain in this type of material is not distributed evenly across the specimen.  The longitudinal 
strains are lower closer to the clamp.  Fig. 5.16 shows the distribution of longitudinal strains in a 
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GT-2 specimen.  The distribution in this specimen is more evenly spread and with less of a 
pattern than the geomembrane specimen analyzed. 
 
 
Fig. 5.15 – Longitudinal strain distribution for a GM-2 specimen at approximately (a) 9.1% global 
strain and (b) 14.6% global strain 
 
Fig. 5.16 – Longitudinal strain distribution for a GT-2 specimen at approximately (a) 3.8% global 
strain and (b) 7.7% global strain 
 
One photogrammetry test was carried out on GT-3 where MD and XD fibers were 
marked in order to ascertain the distribution of strain in these single fibers.  The results are shown 
in Fig. 5.17 and are areal views of the specimen.  From this plot, it can be seen that there is a 
distribution of strain across any single fiber; however, the average magnitude of strain decreases 
in the fibers are closer to the clamped edge of the specimen. 
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Fig. 5.17 – Localized strain across GT-3 (a) 9.5% global strain and measured in the MD fiber 
direction, (b) 19.5% global strain and measured in the MD fiber direction, (c) (a) 9.5% global strain 
and measure in the XD fiber direction, and (d) 19.5% global strain and measure in the XD fiber 
direction. 
 
5.3  PREDICTIVE FIBER MODEL FOR THE MULTI-AXIAL RESPONSE OF 
WOVEN GEOTEXTILES 
 
A simplified summation model was developed in order estimate the response of the 
geotextile as a sum of the response of the total number of fibers present.  The results of this 
analysis are compared to the actual multi-axial tension response of a GT-3, 10%/min strain rate 
specimen at the end of this section.   
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The first step in developing this model is to determine the force-strain relationship for a 
single fiber in the type of specimen under consideration.  This may be done using the results of 
the single fiber tests.  However, the stress (kN/m) vs. strain data for the uniaxial test data was 
used by dividing it by the average fiber density, fMD  or fXD.  average number of fibers in a 200 
mm (8 in) wide specimen.  This is thought to be a better representation of the average fiber 
response because strain was measured using an extensometer in this tests.  In order to compare 
this model with actual multi-axial results, the strain rate from the uniaxial or fiber test used 
should be the same as test to which it will be compared.  However, this is obviously a source of 
error if the material is strain-rate dependent.  The fibers closest to the center of the specimen will 
experience strain rates most similar to the global strain rate.  The fiber density, fMD  or fXD, will be 
an important parameter in this model because the total number of fibers that exist across each 
direction of the specimen will be dependent upon this variable. 
 
 
Fig. 5.18 – Diagram showing the tension in the fibers of a deformed specimen.  The vertical 
components of these forces resist the uniform loading pressure. 
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The force per fiber (N) vs. strain (%) plots are shown in the figures below.  A cubic 
regression line was fit to the data so that the force could be predicted at any strain percent. 
 
Fig. 5.19– Force per fiber vs. strain percent for the GT-3 MD fibers at 10%/min strain rate 
 
 
Fig. 5.20 – Force per fiber vs. strain percent for the GT-3 XD fibers at 10%/min strain rate 
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Assumptions:   
The MD and XD fibers are considered to be uncoupled in this analysis.  This implies that 
there are no interaction effects that will influence the force-strain response of the individual fibers 
throughout the test.  Another assumption that must be made is that the deformed specimen is in 
the shape of a portion of a sphere and that all of the fibers lie on this sphere.  Therefore, the shape 
of the fiber will be an arc of a circle that is formed by the original geometry (endpoints) of the 
fibers, and a third point that lies on the sphere (see Fig. 5.21).  This third point that describes the 
shape of the fiber will be defined along the opposing major axis of direction of fiber that we are 
considering.  The major axes (i.e., the central fibers in the MD and XD directions) will be 
assumed to undergo uniform strain.  Based on this assumption of uniform strain along the major 
axes, the third point on any transverse fiber can be determined.  Lastly, there is assumed to be no 
slip within the clamped portion of the fiber, no bending stresses in the fiber, and that all of the 
fibers in a single direction have the same constitutive response. 
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Fig. 5.21 – Representation of deformed portion of specimen and the fibers that lie on the sphere.  The 
shape of the individual fibers is an arc length of a small circle of the sphere. 
 
The coordinate system is defined as follows: the z-direction is the out of plane direction 
with positive z in the upwards, deflected direction.  The y-axis is in the direction of the MD 
fibers.  The x-axis is in the direction of the XD fibers.   The origin of the coordinate system 
occurs at the exact centerpoint of the specimen, when deflection is equal to 0.  The details of the 
calculation process for the MD fibers is described below.  A procedurally similar process would 
be undertaken for the XD fibers, although the fiber density and constitutive response will be 
different. 
The number of fibers and the endpoint locations of the MD fibers can be determined by 
the fiber geometry and density.  The endpoint locations of the fibers must always be along the 
clamped edge.  Since the inner radius of the clamp, L/2, is known, and the original is at the center 
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of the clamp circle, the fiber end locations can be described by starting at (-L/2, 0), and step 
towards the center at according to the MD fiber density, fMD.  The first fiber has X-ordinate – L/2 
+ 1 / fMD.  The corresponding Y-ordinate for every X-ordinate is know because it must lie on the 
clamp circle; this ordinate can be found by using the following formula: 
ݕ ൌ ඥሺܮȀʹሻʹ െ ݔʹ (5.1) 
The “fiber number” or index is defined as the number of fibers from center.  A fiber that is 
directly over the Y-axis would have index 0.  This is given by x ∙fMD.  The next step is finding the 
“third point,” which is the point that created by the intersection of the current fiber and the 
longitudinal XD fiber.  Based on the assumption of uniform longitudinal strains, there is equal 
spacing of the MD fibers along the longitudinal XD fiber.  The figures below show the deformed 
orientations of the fibers.   
 
Fig. 5.22 – View from the side of the specimen showing the deformed fiber locations 
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Fig. 5.23 – View from the top of the specimen showing the deformed fiber locations 
 
Fig. 5.24 – Diagram showing the deformed fiber locations.  The arc lengths of the major XD fiber 
(the largest red circle shown) defined by the intersection of the MD (blue) fibers are all equal based 
on the assumption of uniform longitudinal strain. 
 
 The equations that relate the deflection, δ, and the diameter of the clamp, L, to the radius 
of the sphere, R, and the central angle of the sphere, θ, have been presented in the derivations in 
Chapter 2.  The distance across which the fibers are distributed is the arc length, which the 
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product of the radius and angle.  The number of fibers is the clamp inner diameter multiplied with 
the fiber density. 
 The third point on the deflected MD fibers can be found by deriving the geometric 
locations those points on the XD major axis fiber.  The arc length and angle from horizontal to 
the third point can be determined easily.  Arc length is the fiber index times the fiber spacing, and 
the angle, α, is the arc length divided by the sphere radius.  The radius times the sine of the angle 
gives the X-ordinate (because the sphere center is on the Z-axis, X=0), and the radius times the 
cosine of the angle gives the height of the Z-ordinate above the sphere’s center.  The sphere 
center’s Z-ordinate is the center point deflection minus the sphere radius.  This makes the third 
point’s Z- ordinate: 
ݖ ൌ ߜ െ ܴ ൅ ܴܿ݋ݏሺߙሻ (5.2) 
After determining the location of the third point, and the locations of the two fiber end 
points, the plane inclination factor, or the portion of the fiber tension that contributes to the 
vertical force is calculated.  The portion of the tension contributing to the vertical force is the total 
tension in the fiber times the cosine of the angle between the fiber plane and vertical (see Fig. 
5.25).  To determine this angle, the relationship of third point on the fiber to the fiber end points 
is examined.  This angle is given by the arctangent of delta X over delta Z.  The Z-ordinate of the 
fiber end points is defined to be zero.  The complete equation for plane inclination angle is given 
as: 
ܲܫܨ ൌ ܿ݋ݏ ቆݐܽ݊െͳ ൬
οݔ
ݖ
൰ቇ (5.3) 
The equations to determine the small circle radius is derived from determining the size and 
location of a circle inscribing a triangle of known edge lengths.   
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Fig. 5.25 - Diagram showing deformed fiber and the various planes that are defined by their locations 
 
The dominant factor in describing the portion of the tension in the vertical direction is the 
“fiber arrival angle.”  This angle is found in the plane of the fiber so we need to take into account 
this angle as well as the PIF calculated previously when calculating the total actual force in the 
vertical direction (see .   
 
Fig. 5.26 – Diagram showing the components of tension in the fiber.  Tx and Ty cancel due to the 
symmetry of the fibers; Tz is the component of force that is resisting the internal pressure 
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The fiber arrival angle can be described by the following equation: 
ߠ ൌ െͳ
ݕ
ݎ
 (5.4) 
This angle is relative to horizontal, not vertical, so the vertical component of the tension is the 
sine of this angle.  The total vertical force factor is then: 
ܸܨܨ ൌ ܲܫܨ ή ܨܣܨ ൌ ܲܫܨ ή ߠ ൌ ܲܫܨ ή
ݕ
ݎ
 (5.5) 
 
The last step is calculating the tension force in the fiber, which is calculated as an 
empirical function of strain percent.  Strain percent is calculated as: 
ݏݐݎܽ݅݊݌݁ݎܿ݁݊ݐ ൌ
ܽݎܿ݈݁݊݃ݐ݄
ݏݐݎ݄ܽ݅݃ݐ݈݅݊݁݀݅ݏݐܽ݊ܿ݁
ൈ ͳͲͲ 
 
ݏݐݎܽ݅݊݌݁ݎܿ݁݊ݐ ൌ
ʹ ൈ ܽݎݎ݅ݒ݈ܽ݈ܽ݊݃݁ ൈ ܿ݅ݎ݈ܿ݁ݎܽ݀݅ݑݏ െ ʹ ൈ ݕ݋ݎ݀݅݊ܽݐ݁
ʹ ൈ ݕ݋ݎ݀݅݊ܽݐ݁
 
(5.6) 
 
The vertical force is fiber tension times the vertical force factor.  Then the sum of the vertical 
forces (including both MD and XD fibers) is the total vertical force.  This quantity can be divided 
by the interior area of the clamp to determine the net internal predicted pressure: 
݌ െ ݌ܤ ൌ
σ ܸܨ ǡܯܦ ൅ σ ܸܨ ǡܺܦ
ߨݎʹ
 (5.7) 
 This model was used to predict the response of GT-3 in multi-axial tension at a 
global strain rate of 10%/min.  The model predicts lower deflections at any given 
pressure.  The deviations between the model and the actual performance of the geotextile 
in a multi-axial test increases as pressure increases. 
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Fig. 5.27 – Fiber summation model comparison for GT-3, 10%/min strain rate 
 
 The results from the fiber model analysis show a predicted pressure deflection response 
that falls in between the MD and XD predictions.  This is logical because the fiber model is 
accounting for the strength properties of both directions.  This model also helps to provide insight 
into why the deviations in the predictions and actual performance varies.  One of the assumptions 
inherent in these prediction (both uniaxial directions and the fiber model) is that the longitudinal 
strains across the specimen are constant.  Although the weave patterns of woven geotextiles 
provide some amount of fixidity to the overlapping fibers, there can still be an uneven distribution 
of strain that causes less total strain in the fibers (and thus, less resultant vertical force).  This will 
have the greatest impact on the fibers that are closest to the clamping edges. 
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CHAPTER 6. CONCLUSIONS 
 
There are many geosynthetic systems that utilize geotextiles as a reinforcing material.  
The typical testing method to evaluate the constitutive response of geotextiles is the wide-width 
(uniaxial) tension test, ASTM D 4595.  This test does not simulate the boundary and loading 
conditions that some geotextiles experience in the field, such as in cases where geosynthetics are 
being used to span subsurface voids or when geosynthetics are acting as a load-transfer platform 
for pile-supported embankment systems.  The multi-axial tension test is a better representation of 
these boundary and loading conditions and can provide insight into the predicted behavior of 
geotextiles to a uniform pressure.   
A state-of-the-art testing device was designed to test geotextiles in multi-axial tension.  
This system was outfitted with a control and data acquisition system, as well as a significant 
clamping scheme to prevent slippage during testing.  A closed water system was used to apply a 
uniform pressure to the specimen.  A correction procedure to account for the presence of the 
underlying rubber bladder was presented and used throughout this work in order to interpret 
multi-axial test results on geotextiles. 
Certain assumptions must be made in order to develop an interpretation for the average 
true stress and average strain during a multi-axial test on geotextiles.  One of these assumptions is 
that the shape of the deflected specimen is in a portion of a sphere.  The validity of this 
assumption was investigated using three dimensional models that were created using 
photogrammetric techniques.  The method of stress interpretation that is proposed in this work 
introduces a new variable, equivalent thickness, that is related to the mass per unit area and 
specific gravity of the polymer resin.  This variable is also used to interpret uniaxial test data in 
order to provide comparisons between the multi-axial and uniaxial response of the geotextiles. 
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The assumption of uniform longitudinal strains across the specimen was also evaluated 
using the photogrammetry models.  It was found that this assumption likely contributes to the 
discrepancies in the uniaxial and multi-axial constitutive response of geotextiles. 
The multi-axial behavior of polypropylene materials can be predicted well using the true 
stress (teq) method of interpretation.  This method acts as normalizing function and evaluates the 
geotextiles as if they were solid polypropylene materials with a thickness of teq.   Logarithmic 
models for polypropylene geotextiles (GT-1 through GT-5) that predicts stress at a given strain 
and as a function of the strain rate are presented in this study.  The multi-axial constitutive 
behavior of the mixed PET/PP geotextile (GT-7) was dominated by the PET fibers; however, 
because polypropylene is more susceptible to creep and strain rate effects than polyester, this 
material showed signs of softening as deviations from the deviation in the ultimate strain was 
limited by the PP fibers. 
Comparisons were made between the constitutive response of the geotextiles in uniaxial 
and multi-axial tension interpreted using both the equivalent thickness interpretations for the 
uniaxial and multi-axial test on geotextiles. 
The equations presented by Giroud et al. (1990) define stress in the geosynthetic in a 
multi-axial test without reference to thickness (thus, a constant-thickness model).  This approach 
was shown to yield significant deviations between the predicted deflection and the actual 
deflection at a given pressure in a multi-axial test.  Utilizing design methods that consider this 
interpretation will result in higher stresses in the geosynthetic at a given strain, and is thus, an 
unconservative error.  Care should also be taken in selecting the modulus that should be used in 
finite element or finite difference models.  The stiffness of a geotextile in multi-axial tension was 
shown to be consistently less than the uniaxial estimate for stiffness. 
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The effect of the weave structure on the multi-axial behavior of the geotextiles was 
difficult to discern.  Only two geotextiles (GT-1 and GT-2) did not have a plain weave pattern.  It 
was difficult separate this property from other varying properties (resin and weight).   
 Based on the results of this work, it is suggested that the stiffness values utilized in 
numerical models that model geotextiles in multi-axial tension be reduced from the current 
practice of using the uniaxial, constant thickness parameters.  In design methods that use 
axisymmetiric, analytical models that are limited by a design strain to calculate a required 
stiffness of a geosynthetic, this calculated value will always be lower than the stiffnesses 
provided by uniaxial testing.  This study did not evaluate the impact of creep in geotextiles under 
multi-axial loading; traditional reduction-factor design is still recommended to account for this 
phenomenon. 
A study of the generalized fiber constitutive behavior was undertaken to gain insight into 
the global behavior of the geotextile in multi-axial tension.  Several important conclusions can be 
made from this portion of the study: the constitutive behavior of an individual fiber can provide a 
reliable estimate of the geotextile response in a uniaxial tension test interpreted with the teq, dir  
parameter.      
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Appendix A: Geotextile multi-axial test results 
 
 
A.1 0.1%/min Geotextile Multi-axial Test Results 
A.2  1%/min Geotextile Multi-axial Test Results 
A.3 10%/min Geotextile Multi-axial Test Results 
A.4 100%/min Geotextile Multi-axial Test Results 
A.5 Photogrammetry Tests 
A.6 Procedure for Performing a Multi-axial test 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_06_10E 
Material: GT-3 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8317.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_06_11 
Material: GT-5 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8482.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_06_30 
Material: GT-4 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8854.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_01 
Material: GT-1 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8905.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_02 
Material: GT-1 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8951.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_07 
Material: GT-7 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9012.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_09 
Material: GT-2 
Strain Rate: 0.1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9085.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_10 
Material: GT-6 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9106.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_14 
Material: GT-6 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9186.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.1 
 
Date of Test: 2009_07_16B 
Material: GT-7 
Strain Rate: 0.1%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9378.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2006_08_01 
Material: GT-1 
Strain Rate: 1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8485.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2006_11_10 
Material: GT-1 
Strain Rate: 1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8420.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2006_11_20 
Material: GT-2 
Strain Rate: 1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8423.jpg 
 
 
 
 
174 
 
 
MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2006_12_04 
Material: GT-1 
Strain Rate: 1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8434.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2007_05_09 
Material: GT-1 
Strain Rate: 1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8409.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2007_11_09 
Material: GT-3 
Strain Rate: 1%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8451.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2007_11_14 
Material: GT-3 
Strain Rate: 1%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_001A.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2007_11_16 
Material: GT-2 
Strain Rate: 1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8456.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_01_30 
Material: GT-2 
Strain Rate: 1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8407.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_02_05 
Material: GT-2 
Strain Rate: 1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8405.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_02_17A 
Material: GT-7 
Strain Rate: 1%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_7330.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_02_17B 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8401.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_02_27A 
Material: GT-3 
Strain Rate: 1%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8399.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_02_27B 
Material: GT-5 
Strain Rate: 1%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8397.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_06A 
Material: GT-5 
Strain Rate: 1%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8389.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_06B 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8395.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_10A 
Material: GT-4 
Strain Rate: 1%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8391.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_10B 
Material: GT-5 
Strain Rate: 1%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8389.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_13B 
Material: GT-4 
Strain Rate: 1%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8387.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_25A 
Material: GT-4 
Strain Rate: 1%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8385.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_03_25B 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_7808.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_04_02A 
Material: GT-7 
Strain Rate: 1%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8373.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_04_02B 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8381.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_04_14A 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8378.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_04_14B 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8377.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_04_14C 
Material: GT-6 
Strain Rate: 1%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8374.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_07_16A 
Material: GT-1 
Strain Rate: 1%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9330.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_07_21A 
Material: GT-2 
Strain Rate: 1%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9411.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.2 
 
Date of Test: 2009_07_21B 
Material: GT-3 
Strain Rate: 1%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9445.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_14A 
Material: GT-3 
Strain Rate: 10%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8371.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_15A 
Material: GT-3 
Strain Rate: 10%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8367.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_15B 
Material: GT-2 
Strain Rate: 10%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8360.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_15C 
Material: GT-2 
Strain Rate: 10%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8358.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_15D 
Material: GT-5 
Strain Rate: 10%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8363.jpg 
 
 
 
 
205 
 
 
MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_15E 
Material: GT-5 
Strain Rate: 10%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8365.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_19A 
Material: GT-1 
Strain Rate: 10%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8355.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_19B 
Material: GT-1 
Strain Rate: 10%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8354.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_05_19C 
Material: GT-1 
Strain Rate: 10%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8352.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02A 
Material: GT-3 
Strain Rate: 10%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8350.jpg 
 
 
 
 
210 
 
 
MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02B 
Material: GT-5 
Strain Rate: 10%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8348.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02C 
Material: GT-4 
Strain Rate: 10%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8346.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02D 
Material: GT-4 
Strain Rate: 10%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8344.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02E 
Material: GT-4 
Strain Rate: 10%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8342.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_02F 
Material: GT-2 
Strain Rate: 10%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8340.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_04A 
Material: GT-6 
Strain Rate: 10%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8338.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_04B 
Material: GT-6 
Strain Rate: 10%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8336.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_04C 
Material: GT-6 
Strain Rate: 10%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8334.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.3 
 
Date of Test: 2009_06_04D 
Material: GT-7 
Strain Rate: 10%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8332.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_04E 
Material: GT-3 
Strain Rate: 100%/min 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8330.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_04F 
Material: GT-4 
Strain Rate: 100%/min 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8328.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_04G 
Material: GT-1 
Strain Rate: 100%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8326.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_10A 
Material: GT-6 
Strain Rate: 100%/min 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8322.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_10B 
Material: GT-2 
Strain Rate: 100%/min 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8320.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_10C 
Material: GT-5 
Strain Rate: 100%/min 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8319.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_06_10D 
Material: GT-7 
Strain Rate: 100%/min 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8318.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.4 
 
Date of Test: 2009_07_21C 
Material: GT-1 
Strain Rate: 100%/min 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Representative Test (yes/no): yes 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_9448.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.5 
 
Date of Test: 2008_01_16 
Material: GM-2 
Strain Rate: N/A 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8459.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.5 
 
Date of Test: 2008_01_31 
Material: GT-2 
Strain Rate: N/A 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_4432.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.5 
 
Date of Test: 2008_04_15 
Material: GT-3 
Strain Rate: N/A 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: 080415Break0000204.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.5 
 
Date of Test: 2009_03_13A 
Material: GT-7 
Strain Rate: N/A 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8369.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix A.5 
 
Date of Test: 2009_07_23 
Material: GT-3 
Strain Rate: N/A 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_0006.jpg 
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PROCEDURE FOR RUNNING A MULTI-AXIAL TEST  
HESS LABORATORY, DREXEL UNIVERISTY 
 
The following steps describe the typical multi-axial test setup and experimental procedures: 
 
1) Fill the water tank – it takes about 20 minutes until the water level reaches the top of the 
aluminum ring.  The blue spacer should be in place and should also be flush with the top 
of the aluminum ring.   
2) Ensure that the hydraulic valve that connects Actuator C to the accumulators is open; the 
valve for Actuators A and B should be closed. 
3) Power all of the electronics (sensors, servo-controllers) and the computer. 
4) Use the Labview program to take a zero-water level reading when the water level is flush 
with the top of the lower (aluminum) ring.  The data from this step will be used as “zero” 
readings for the centerpoint displacement transducer and the pressure transducer.   
5) Place the bladder, if used, then the specimen on the top of the aluminum ring.  The 
aluminum ring is outfitter with four epoxy ridges that correspond to the two principal 
directions of the fabric.  Make sure that the fabric is aligned accordingly. 
6) Put the upper steel ring on top of the specimen.  This also has epoxy ridges on the 
underside of the ring that must be aligned to the two principal directions. 
7) Place the bolts, equally spaced, around the ring, and tighten them using a torque wrench 
(up to 170 ft-lbs).  The pattern of tightening the bolts should be roughly star-shaped. 
8) Ensure that one of the high-pressure switches is turned off so that the system upstairs is in 
low pressure.  These switches are either on the northwest arm of the device or on the 
floor next to the computer.   
9) Use the setpoint module to zero out all of the channels.  To do this, turn the knob on the 
bottom of the servo-controller for Actuator C to ERROR, and manually zero out the XD3 
error using screwdriver.   
10) Power downstairs hydraulic system.  Turn the system on low.  Once warmed up, turn the 
system to high pressure. 
11) Turn on water by pump (downstairs) to cool the hydraulic fluid.   
12) Upstairs – turn on the valve before the accumulators – check to make sure filter turns 
green. 
13) The switch from step 7 that was “off” should be turned on so that the system upstairs 
goes from low pressure to high pressure.  Let the system stabilize for approximately 60 
seconds. 
14) Use the setpoint module to move the baffle up to its top position (the error should remain 
close to 0). 
15) Fill the baffle the remainder of the way with water. 
16) Screw the square metal plate with the neoprene seal in the top plate of the baffle so that 
the water chamber is closed. 
17) Take another reading using Labview.  Use the text file generated from this process, as 
well as the zero file from step 4) in MATLAB to find the deflection and initial strain of 
the specimen.  There will always be an initial pressure on the specimen because the top of 
the baffle is at a higher eleveation than the top of the aluminum ring. 
18) There are text files that have been created that relate initial strain to baffle displacement.  
Select the text file that is closest to the initial strain as input to the Labview program.   
19) Use the Labview program to generate a control algorithm for the movement of the 
actuator above the baffle.  Depending on the strain rate of the test, the length of time that 
should be selected for the file input from step 17 will vary.   
233 
 
 
20) Once the program has been created, save the configuration file, and click the “Start Test” 
button. 
 
AT THE OF COMPLETION OF THE TEST 
1) Release the water pressure by turning the valve on the connector pipe.   
2) Go from high pressure to low pressure by switching off one of the switches upstairs. 
3) Remove the steel plate and seal from the top of the baffle. 
4) Let the system stabilize ~ 2 mins. 
5) Turn the valve before the accumulators to the off position. 
6) Downstairs – on the pump controller unit, go from high to low pressure, wait 30 seconds, 
then switch from low to off. 
7) Downstairs - Turn off the cooling water. 
8) Upstairs – Remove the clamps, upper steel ring, and specimen and bladder. 
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Appendix B: Uniaxial test results 
 
 
B.1 1%/min Geotextile Uniaxial Test Results 
B.2 10%/min Geotextile Uniaxial Test Results 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT1_MD_1_TRI 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT1_XD_1_TRI 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT1_MD_1_TRI2 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT1_XD_1_TRI2 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT1_MD_1_TRI3 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT1_XD_1_TRI3 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT2_MD_1_TRI 
Material: GT-2 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Equivalent MD Thickness, teq, MD: 0.221 mm0.258 mm 
Equivalent XD Thickness, teq, XD:  
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT2_XD_1_TRI 
Material: GT-2 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Equivalent MD Thickness, teq, MD: 0.221 mm0.258 mm 
Equivalent XD Thickness, teq, XD:  
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT3_MD_1_TRI 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT3_XD_1_TRI 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT3_MD_1_TRI2 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT3_XD_1_TRI2 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT3_MD_1_TRI3 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT3_XD_1_TRI3 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT4_MD_1_TRI 
Material: GT-4 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Equivalent MD Thickness, teq, MD: 0.118 mm 
Equivalent XD Thickness, teq, XD: 0.178 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT4_XD_1_TRI 
Material: GT-4 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Equivalent MD Thickness, teq, MD: 0.118 mm 
Equivalent XD Thickness, teq, XD: 0.178 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT5_MD_1_TRI 
Material: GT-5 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Equivalent MD Thickness, teq, MD: 0.115 mm 
Equivalent XD Thickness, teq, XD: 0.153 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT5_XD_1_TRI 
Material: GT-5 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Equivalent MD Thickness, teq, MD: 0.115 mm 
Equivalent XD Thickness, teq, XD: 0.153 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT6_MD_1_TRI 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT6_XD_1_TRI 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT6_MD_1_TRI2 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT6_XD_1_TRI2 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT6_MD_1_TRI3 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 2/5/2009 
Test ID: GT6_XD_1_TRI3 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT7_MD_1_TRI 
Material: GT-7 
Strain Rate: 1%/min 
Direction of Test: MD 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Equivalent MD Thickness, teq, MD: 0.103 mm 
Equivalent XD Thickness, teq, XD: 0.049 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.1  
 
Date of Test: 12/18/2009 
Test ID: GT7_XD_1_TRI 
Material: GT-7 
Strain Rate: 1%/min 
Direction of Test: XD 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Equivalent MD Thickness, teq, MD: 0.103 mm 
Equivalent XD Thickness, teq, XD: 0.049 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT1_MD_10_TRI 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT1_XD_10_TRI 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT1_MD_10_TRI2 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT1_XD_10_TRI2 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT1_MD_10_TRI3 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT1_XD_10_TRI3 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.965 mm 
Equivalent Thickness, teq: 0.319 mm 
Equivalent MD Thickness, teq, MD: 0.164 mm 
Equivalent XD Thickness, teq, XD: 0.156 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT2_MD_10_TRI 
Material: GT-2 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Equivalent MD Thickness, teq, MD: 0.221 mm0.258 mm 
Equivalent XD Thickness, teq, XD:  
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT2_XD_10_TRI 
Material: GT-2 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 1.600 mm 
Equivalent Thickness, teq: 0.479 mm 
Equivalent MD Thickness, teq, MD: 0.221 mm0.258 mm 
Equivalent XD Thickness, teq, XD:  
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT3_MD_10_TRI 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT3_XD_10_TRI 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT3_MD_10_TRI2 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT3_XD_10_TRI2 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT3_MD_10_TRI3 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT3_XD_10_TRI3 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.381 mm 
Equivalent Thickness, teq: 0.177 mm 
Equivalent MD Thickness, teq, MD: 0.296 mm 
Equivalent XD Thickness, teq, XD: 0.118 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT4_MD_10_TRI 
Material: GT-4 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Equivalent MD Thickness, teq, MD: 0.118 mm 
Equivalent XD Thickness, teq, XD: 0.178 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT4_XD_10_TRI 
Material: GT-4 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.508 mm 
Equivalent Thickness, teq: 0.296 mm 
Equivalent MD Thickness, teq, MD: 0.118 mm 
Equivalent XD Thickness, teq, XD: 0.178 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT5_MD_10_TRI 
Material: GT-5 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Equivalent MD Thickness, teq, MD: 0.115 mm 
Equivalent XD Thickness, teq, XD: 0.153 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT5_XD_10_TRI 
Material: GT-5 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.635 mm 
Equivalent Thickness, teq: 0.268 mm 
Equivalent MD Thickness, teq, MD: 0.115 mm 
Equivalent XD Thickness, teq, XD: 0.153 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT6_MD_10_TRI 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT6_XD_10_TRI 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT6_MD_10_TRI2 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT6_XD_10_TRI2 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): no 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT6_MD_10_TRI3 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
 
 
 
284 
 
 
UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 2/5/2009 
Test ID: GT6_XD_10_TRI3 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.559 mm 
Equivalent Thickness, teq: 0.213 mm 
Equivalent MD Thickness, teq, MD: 0.110 mm 
Equivalent XD Thickness, teq, XD: 0.103 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT7_MD_10_TRI 
Material: GT-7 
Strain Rate: 10%/min 
Direction of Test: MD 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Equivalent MD Thickness, teq, MD: 0.103 mm 
Equivalent XD Thickness, teq, XD: 0.049 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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UNIAXIAL TEST DATA SHEET 
Appendix B.2  
 
Date of Test: 12/18/2009 
Test ID: GT7_XD_10_TRI 
Material: GT-7 
Strain Rate: 10%/min 
Direction of Test: XD 
Nominal Thickness: 0.533 mm 
Equivalent Thickness, teq: 0.152 mm 
Equivalent MD Thickness, teq, MD: 0.103 mm 
Equivalent XD Thickness, teq, XD: 0.049 mm 
Representative Test (yes/no): yes 
Test Performed By: TRI 
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Appendix C: Fiber test results 
 
 
C.1 1%/min Geotextile Fiber Test Results 
C.2 10%/min Geotextile Fiber Test Results 
C.3 Fiber Summation Model: Description of Summation Method to Determine the 
Global Stress of a Geotextile Undergoing Multi-Axial Loading 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_MD_18 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0218 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_MD_19 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0227 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_XD_14 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0671 g 
Length of Fiber: 206 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_XD_16 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0699 g 
Length of Fiber: 206 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_MD_21 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0213 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT1_XD_15 
Date of Test: 8/13/2009 
Material: GT-1 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0702 g 
Length of Fiber: 206 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT3_XD_11 
Date of Test: 8/13/2009 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0401 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT3_XD_12 
Date of Test: 8/13/2009 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0411 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT3_MD_19 
Date of Test: 8/13/2009 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0231 g 
Length of Fiber: 208 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT3_XD_13 
Date of Test: 8/13/2009 
Material: GT-3 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.0419 g 
Length of Fiber: 204.5 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT6_MD_18 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0243 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
 
 
 
299 
 
 
FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT6_MD_19 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0245 g 
Length of Fiber: 210.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT6_MD_20 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: MD 
Mass of Fiber: 0.0241 g 
Length of Fiber: 209.5 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.1 
 
Test ID: GT6_XD_23 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 1%/min 
Direction of Test: XD 
Mass of Fiber: 0.046 g 
Length of Fiber: 204.5 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_01 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0225 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_04 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0211 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_08 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0187 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_09 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0205 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_10 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0215 g 
Length of Fiber: 206.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_12 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0216 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_14 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0198 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_16 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0201 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_01 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0674 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_02 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0692 g 
Length of Fiber: 205.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_03 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0666 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_04 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0692 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_05 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0741 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_06 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0677 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_07 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0689 g 
Length of Fiber: 206 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_08 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0716 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_09 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0679 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_MD_11 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0213 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT1_XD_10 
Date of Test: 8/11/2009 
Material: GT-1 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0726 g 
Length of Fiber: 205.5 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_03 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0231 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_08 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0246 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_11 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0237 g 
Length of Fiber: 208 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_14 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.022 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_15 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.022 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
 
 
 
326 
 
 
FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_16 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0222 g 
Length of Fiber: 208.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_17 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0223 g 
Length of Fiber: 207.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_18 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0239 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_01 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0409 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_02 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0403 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_03 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0417 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_04 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0415 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_05 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0406 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_06 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0407 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_07 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0417 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_08 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0418 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_10 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0423 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_MD_07 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0231 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT3_XD_09 
Date of Test: 8/11/2009 
Material: GT-3 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0404 g 
Length of Fiber: 204 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_01 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0248 g 
Length of Fiber: 209.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
 
 
 
341 
 
 
FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_03 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0251 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_04 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0247 g 
Length of Fiber: 210 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_05 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0249 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_07 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0255 g 
Length of Fiber: 210 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_09 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0252 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_10 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0248 g 
Length of Fiber: 211.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_11 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0237 g 
Length of Fiber: 210 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_12 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0239 g 
Length of Fiber: 209.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_14 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0242 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_15 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0241 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_17 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0239 g 
Length of Fiber: 210 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_04 
Date of Test: 8/11/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0469 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_05 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0467 g 
Length of Fiber: 206.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_08 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0473 g 
Length of Fiber: 207 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_12 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0463 g 
Length of Fiber: 204.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_13 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0461 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_15 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0467 g 
Length of Fiber: 204.5 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_16 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0456 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): no 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
 
 
 
359 
 
 
FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_MD_08 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: MD 
Mass of Fiber: 0.0254 g 
Length of Fiber: 211 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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FIBER TEST DATA SHEET 
Appendix C.2 
 
Test ID: GT6_XD_18 
Date of Test: 8/13/2009 
Material: GT-6 
Strain Rate: 10%/min 
Direction of Test: XD 
Mass of Fiber: 0.0473 g 
Length of Fiber: 205 mm 
Representative Test (yes/no): yes 
Test Location/ Machine: GSI/ Instron 
Test Performed By: TLA 
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Appendix D: Bladder/ Geomembrane multi-axial test results 
 
 
D.1 Bladder Calibration Tests 
D.2 Geomembrane Multi-axial Test Results 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2007_01_30 
Material: B 
Strain Rate: 1 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: N/A 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2007_03_14A 
Material: B 
Strain Rate: 1 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: N/A 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2007_05_02 
Material: B 
Strain Rate: 1 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_0352.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2008_01_29A 
Material: B 
Strain Rate: 1 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_3886.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2008_09_12 
Material: B 
Strain Rate: 1 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: N/A 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.1 
 
Date of Test: 2009_06_02G 
Material: B 
Strain Rate: 10 
Nominal Thickness: 0.1875 mm 
Equivalent Thickness, teq: 0.1875 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: N/A 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2006_09_18 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8446.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2006_09_20 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8444.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2006_09_26 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8413.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2006_10_23 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8417.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_01_03A 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8424.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_01_03B 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8425.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_01_03C 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8427.jpg 
 
 
 
 
  
375 
 
 
MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_01_03D 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8428.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_01_17 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8429.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_02_19 
Material: GM-2 
Strain Rate: 1 
Nominal Thickness: 1.0 mm 
Equivalent Thickness, teq: 1.0 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8432.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_02_20 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8433.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_02_28 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8412.jpg 
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MULTI-AXIAL TEST DATA SHEET 
Appendix D.2 
 
Date of Test: 2007_03_14B 
Material: GM-1 
Strain Rate: 1 
Nominal Thickness: 1.5 mm 
Equivalent Thickness, teq: 1.5 mm 
Representative Test (yes/no): no 
Temperature: 21 ± 2°C 
Test Performed By: TLA 
Image Filename: IMG_8415.jpg 
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Appendix E: Nomenclature 
 
 
A = area of specimen 
do = original distance between two points 
F = applied force 
f = permissible deflection 
fMD = fiber density in the MD direction 
fXD = fiber density in the XD direction 
L = diameter of clamping ring 
Lf = deformed length of specimen 
Lo = original specimen length 
p = tank pressure 
pB = pressure needed to deflect the bladder at a given deflection 
q = vertical pressure 
R = radius of deformed specimen 
So = original surface area of specimen 
t = material thickness 
teq = equivalent membrane thickness  
teq,dir = equivalent directional thickness 
teq,MD = equivalent directional thickness in the MD direction 
teq,XD = equivalent directional thickness in the XD direction 
tnom, tn = nominal thickness  
to = original thickness  
Vf = volume of specimen 
Vo = original volume of specimen 
W = width of specimen 
Wo = original width of specimen 
ε = strain, global strain 
εa = engineering strain 
εna = true strain 
εnt = transverse strain 
ρfibers = density of fiber resin 
ρwater = density of water 
νn = natural Poisson’s ratio 
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Ω = dimensionless factor (Giroud, 1990) 
α = tension in the geosynthetic (kN/m) 
ߚ = angle formed by two points on the surface of the deformed specimen 
δ = centerpoint deflection of the specimen 
σ = average stress 
θ = central angle of the sphere formed by the deformed specimen 
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